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Abstract. Anaconda exdioration in the Rico
mining cdistrict from 1978 through early 1983
resuliec in discovery and partial definition of
the Silver Creek mo 1 ybdenum deposit.
Approximately #4 million tons of 0.31X Mo are
grill-indicated, anc projections suggest that
the deposit erceeds 200 million tons. No
source jntrusion has been intersected by
dérilling, but its composition is sugoested by
cilicic alkali-alaskite porphyry dikes of
intraminerzl ace observed at the surface and in
dr+1l holes.

Age data and fluid inclusion studies
indicate that the deposit was formed 5.2 22
m.y. ego and thet more than 1,200 meters of
cover has since been removec by erosion.

goth emplacement of the hypothesized source
intrusion, and the geometry of the molybdenum
deposit, were influenced by three mzjor
intersecting fauvlts. The most sienificant of
these, the Last Chance fault, Jjuxtaposes

Precambrian quartzite anc creenstone against -~

Pennsylvanian clastic and ca2lcareous sediments
within- the mineralizec zone.

Wallrock &lteration associated with the
deposit is characterized by potassic, phyllic,
and propylitic zones in non-czlcareous rocks,
and garnet 2and anhydrite-diopside zones in the
carbonates. 11 +0.2% Mo mineralization is
within the potassic and garnet zones.

Pre-mineral <aults that intersect- the
deposit contain the only surficial molybdenum,
tungsten, and fluorine anomalies. Pervasive

dispersion haloes of the indicator elements’

were intersected a2t depth by drilling in the
discovery phase of exploration, and are
particularly well-developed in the hanging wall
of the Last Chance fault.

Introduction

Rico is an historic lead-zinc silver mining
-district Jocated in the San Juan Mountains of
southwestern Colorado at elevations ranging
from 2,700 to 2,800 meterc (Figure 1). Mining
from veins and from replacement deposits in
calcareous sediments produced 83,847 tons of
lead, 82,717 tons of 2zinc, 5,637 tons of
copper, 14,513,2B8 ounces of silver and 83,045
ounces of aold from 1875 through- 1968
(MeKnight, 1874, p. 6). Production ceases in
1671 with the closure of the Blaine mine, which
directly overlies the Silver (reek molybdenum
dgeposit.

Anaconda acquired an interest in the
district in 1978 and zogressively explored for
porphyry and replacement deposits through early
1083, These efforts resulted in the discovery
of the Silver (reek deposit, a possible world
cless moiybdenum resource.

History cf the Silver Creek Discovery

The discovery of the Silver (reek moiybdenum
ceposit resuited from application of the
Climax-type molytdenum porphyry model to &
structurally complex, sediment-dominated host

- environment. intangible requirements for

SUCCESS were an economic environment ‘conducive
to high-risk exploration, persistence and
innovation by the geologic staff, and
vnprecedented management dedication. Without
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any cne of these ingredients 2 discovery may
not have been made. :

Anacond: cptioned a major portion of the.
Rico district in 1978 to explore and develop .

high grade copper, silver and gold replacement
deposits similar to the NBH Zone (Figure 2),
which had been discovered near Silver Creek by
Crystal 0i1 two vears earlier.

. Tne NBH Zone wzs open to the north and east,
and was the focus of the initial study, but the
Anacondz task force that evaluated the district
in 1978 concluded that & larger, copper
porphyry target existed about 2 kilometers
ncrth of Silver (reek. This target was never
tested, however, beczuse 2 new team assignec tc
the project in 1879 recognized potential for
discovery of the molybdenum deposit in Silver
Creek. )

Several of Crystel 0i1's drill holes were
analyzed for molybdenum, tungsten, and fluorine
by the new exploration team, and one of these,
a 529 meter hole in Silver C(Creek about 600

‘meters west of the Silver (reek deposit, showed

increases in tungsten and fluorine with depth.
This hole was correctly inferred to have
intersected the periphery of & porphyry
molybdenum system and this dinterpretation was
the basis for locating Anracondz's first
completed drill hole, C-28 (Figure 3). (-25
was positioned near the interseztion of the
Last Chance and Blackhawk faults to test for:
l)extehsions of the NBH Zone; and Z)a porphyry
center from which the NBH was thought to be
laterally zoned. (-25 drifted about 230 meters
couthwest away from the fault - intersection
where it would have encountered better grades,
but did dntersect very strong fluorine and
tungsten gradients and significant molybdenum
(15 meters of 0.064% Mo) that were correlated
with data from the outer margin of the
Henderson deposit (Ranta et. 2l., 1976; Wallice
et. al., 1978).

Step-out drilling- followed the geplogic
success of (-25, but it wasn't until 7 holes
later that (-30 intersected 226 meters of .106%
Mo and provided essential encouragement to
continue exploration drilling. (-30 had been
started e2rly in the step-out program but had
been stopped in May, 1980, at 258 meters, when
it began tc drift toward C-25. It was re-
entered and deflected in 1881 as a last attempt
to locate the deposit.

Drill hole SC-1 infersected better grades
late in 198} and indicated that the center of
the system Jies farther southeast under the
steep slopes of Blackhawk Mount2in. The adit
level of <he Blaine mine was rehabilitated to
provide winter 2access,. and explorztion was
transferred to the underground in November,
leg:l, Holes SC-5 and SC-6, drilled from
urdercround, obtained excellent intercepts {SC-
5 intersected 192 meters.of 0.334% Mo).

The encouraging results from SC-5 and SC-6
Justified inception of prefeasibility studies,
but it soon became apparent that development
was not warranted unoer extant market
conditions. As & last effort before ceasing
exploration, driil hole SC-72 was deflected
southeast from SC-S to obtain 2 larce step-out,

and to attempt to, verify that the deposit was

both large and high grade. It succeeded in
indicating size potentizl, but Jike previous




noles it failed to locate the center of the
system. This drill hole.intersected 87 meters
of 0.29% Mo (0.2% Mo cutoff) and significantly
expanded the drill-indicated tonnage of the
ceposit. The exploration program au nico weas
discontinued in February, 1983.

' Geology of -the Siiver Creek Aree -

The Rico mining district is centered on the
Rico  dome, a Laramide uplift <cored by
Precambrian rocks and flanked by 2 thick
section of Paleozoic sediments (Figure 3). The
Silver Creek mo 1 ybdenum system probabiy
constitutes the mineralization center of the
gistrict. A thermezl center thzt coincides with
the Silver Creek system was recognized
indgependently by Naeser {1979), using
progressively reset ficsion track ages on
mineral separates from Laramide intrusions <o
establish locations of mejor late- Tert1ary heat
sources.

Siratigraphy

The Precambrian section (Figure &) consists
of a phyilitic Proterpzoic greenstone unit
comprised of flows and dintrusions that is
unconformably overlain by orthoguertzites of
+he Uncompahgre Formation. The orthoguartzites
are gener2ily white eand massive, but Tocally

contzin intercalated argillaceous layers. The
Precambrian rocks are the principal hosts of
the drill-indicated molybdenum mineralization.

Mississippian Leadville Limestone as thick
as 75 meters generally overlies the Uncompahgre
Formation. Karst features and erosional
2lzeration recognized within the Leadville
indicate that it was exposed to erosion prior
to deposition of the Hermosa Group. The
Leadville " hosts the NBH copper-silver-gold
deposit and may host tungsten-rich tactites
intersected by C-25.

The Pennsyvivanian Hermosz Group s a thick
sequence of ciastic and calcareous sediments
+hat has three members (Cross and Spencer,
1000). Limey shales predominate in the lower
- member and limestones are most abundant in the
‘middle member. Limestones of the middle member
host most of the district's known lead-zinc-
silver mineralization. The upper member of -the
Hermosa Group is predominately clastic. The
Pennsylvanian Molas Formation may be loczlly
present 2t the base of the Hermosa Group, but
is included ir the lower member of the Hermosé.
for illustrative purposes.

The Hermosa Group is overliein on the fringes

of the district by redbeds of the Pennsylvaniean
Rice 2and Permian Cutler Formations. These
formations are not significantly mineralizec
and may have been too high in the seztion to
nave been reached by ascending mineralizing
fluids.

Intrusive rocks include the Rico monzonite
stock (78 m.y., fission track, sphene; Naeser
et. al., 1979), exposed in the western part of
the district; abundant dikes and sills of
hornblende latite porphyry (59.9-64.9 m.y.,
fission track, zircon; Naeser et. al., 1979);
and rare dikes of silicic alkali-alaskite
porphyry (3.4-3.9 m.y., fission track, zircon,
Naeser et. al., 1979) One of several alaskite
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¢ikes intersected by drill hole SC-1 wes

analvzed (Table i) and 2ge-dztec¢ by the authors .
et 5.2 20.2 m.y. {K-Ar whole rock). This dike.

is clearly intraminer2zl an¢ 1is probebly 'a
differentizte of the source stock.

" The very young age of the Silver (reek
jntrusion may 2account for elevated ogeotherma)
gradients noted¢ 1in the district (Medlin, E.,
1953, personzl comnunication). Gradients in
the Silver Creek area averzge 2bout 3,.89C/100
meters of depth.

tructure

The Last Chance, Bieckhawk and Princeton
faults (Figures 5 an¢ 6) =are the dominent
structures recognized in the vicinity of Silver
Creek.

The Last Chance 1is & dip-slip fault with 2
complex history of reaztivetion:

1) The north block was UPTHROWN prier to
Pennsylvanian time causing the Leadville
Limestone to  be removed, and the
Uncompahgre to be drasticzlly thinned;

2) The north block was ODOWNTHROWAN during the
Pennsyivanian, causing deposition cf a
thick clastic wedge of lower Hermosa; .

3) The south block was . UPTHROWN during
Laramide doming. v .

The offset implied duringc. stace 1, the
planation of the Uncompaheore Formation, is at
least 1,000 meters. The offset during stage 2,
implied by .the overthickened lower Hermosa
Group, is at least 600 meters. This was
followed by & period of inactivity along the
fault which permitted uniform deposition of the
Middle Hermosa carbonztes. The last stage of
offset is not bracketed in time by lithologic
evidence, but probably occurred during the
doming associated with widespread intrusion of
sills and the Rico monzonite stock in the
period 80 to 60 m.y. ago. The Last Chance
fault now shows an apparent displacement of
2bout 1,00C meters, north side down, on the
Paleozoic-Precambrian  unconformity. Baars
(1983) suggests that the Last Chance fault is
one of 2 series of Precambrian wrench faults
with northwest strikes that Jocalized uplifts
from Paleczoic through Leramide time. 3aars
and Stevenson (1981) aiso suggest that east-
west flexures .z2long these faults Jlocalized
intrusions. The Last Chance fault bends
westward in  Silver '(reek near the inferred
location of the source intrusion, anc the
Elackhawk Tault strikes northwest from the
bend. The Blackhawk fault can be <raced for
ebcut 5 kilometers, but shows only 15 meters of
displacement. Both the Last Chance eand
8 lackhawk Tault localizec -near-surface
mineralization. _The Princeton fault is a pre-
mineral, ncrtheast-striking, generally iow-
engie  structure that steepens near  its
intersection with the Last Chance fault. It
m2y coincide with the sheared Precambrian-
Pzleczcic unconformity recognized in (-25, C-
2%, (-30, SC-4, and probably influenced the
gecnetries of the trace eIement haloes west of
the molybagenum desosit.

Mineralization

Mineraiization in Silver Creek is elongated




parallel %o the Last Chence favult. The
contacts between the greenstone and Uncompahgre
Fermation end between the Uncompedore and the
Hermosa Group 2lso 2ppear tc  have been
important conduits fcr miner2lization. In the
four -drill holes with thick +0.2% Mo intercepts
(sc-1, SC-5, SC-6 & SC-7a), the highest grade
intervals occur ecjacent to one or both cf
these contacts -(Figures 7 and 8). The best
molybdenum intercept (40 meters of 0.5% Mo in
drill hole SC-5) overtaps the
Uncompzhgre/greenstone contact.

Molybdenite and pyrite are the predominate
sulfide minerals and occur together in a multi-
stage quartz vein stockwork, with minor amounts
of scheelite, magnetite, specularite,
chalcopyrite, 'gzlenz, and sphzlerite. =~ The
minor minerals occur mostly in veins ~that
predate or postdate deposition  of the
molybdenite.  The best tungsten minerzlization
osenerzlly occurs - 2s disseminations within
tactites and oreenstones, in essociation with
+0.08%° Mo. Little or no tunasten
mineralization occurs in the “Uncompahgre
Formation regardless of molybdenum grades.

Homogenizztion temperztures from 3E0 to
500°C have been recorded from fluid inclusions
in  vein gquartz associated with wmolybdenum
mineralization. ~ Five liquid-rich anc three
vapor-rich primary inclusions in drill core
from & depth of 784 meters in drill hole £-25
homogenized in the range 362-367°C, and
indicate that boiling occurred over that
temperature range. Salinities calculated from
freezing of the 1iquid-ricn inclusions were
consistently less than 1 wt. % NaCl eguivalent.
The minimum pressure reouired to maintain
boiling of such dilute solutioms at 3600C is
184 bars, which implies a depth of formation of
2,000 meters assuming hydrostatic pressure.
These data suggest that eapproximately 1,200
meters of overburden have been eroded from atop
the deposit in the 5 million years since
mineralization formed. :

Wwall-Rock Alteration

Alteration zoning (Figures ¢ and 10) around
the molybdenum deposit is controlled by the
original hostrock compositions and distance

-from the source intrusion. Alteration in. non-
calcareous rocks ranges from 2 potassic core to
distal phyllic and propylitic assemblages. In
calcareous rocks, garnetization grades outward
into an anhydrite-diocpside assemblage,

The potassic alteration assemblage  is
orthoclese, biotite and sericite with minor
chlorite, anhydrite, and epidote. Potassic
2lteration is always 2associated with a2 guartz
vein stockwork. The siltstones and greenstone
are hornfelsed 2nd bleached in the potassic
zone, whereas the arkose and quartzite are not
sionificantly altered. Host of the +0.2X Mo
mineralization occurs within the potassic zone.

The phyllic zone lies above the potassic
zone and is characterized by an assemblage of
sericite, biotite, chlorite, and minor
orthoclase. Sehene and chlorite replace
primery mafic minerzls in the hornblende latite
porphyry, whereas secondary sericite, chlorite,
and/or biotite are present in the arkoses.
Siltstones and the greensione are bleached and

w
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somewhet hornfelsec. Phyilic 2lteration s

present as narrow heloes 2round the mejor

structures in the Biaine mine and for several
thousand meters to +the west 3long the Last
Chance fault. The boundery between the

_potassic zome and the phyllic zone  is
_oradationz] and corresponds to & Jecrease in

quartz veining neazr the 0.03% Mo orade contour.
The upper phyllic zone bouncary coincides with
the disappearance of gpervasive quartz veining,

Propylitic altereztien is recoonized in near-
surface  arkoses and intrusions, and  is
cheracterized by partial sericitizeztion of
feldspers and replacenent of mafic minerzls by
chlorite and epidote.

The garnet zone is confined to the basai 100
meters of the Hermosz section. It cont2ins
most of the tuncsten minerzlizztion and locally
includes +0.2% Mo.

The ‘anhydrite-diopside 2zonme extends zbove
the garnet zone appreximetely 250 meters, and
consists of interbedded messive diopside that
has replaced silty cazrbonzte units and massive
anhydrite thet has replzced iimestones.

Magnetite and orthoclase occur within
guartz-molybdenits veins and vein selvages 2t
the bese of the garnet zone. Vein selvages in
the upper o2rnet and anhydrite-diopside zones
comprise biotite that grades ‘both 1atera11y and
distally to actinolite.

Anhydrite veins occur within the Precambrian
rocks but are more eabundant in the Hermosa
sediments. They commonly contain specularite
énd minor - base metal sulfides, and 2re
parzgenetically younger than both the massive
anhydrite and the quartz-molybdenite veins.

The origin of the sulfate in the anhyérite
replacements is controversial. The Hermosa
Group west of Rico includes the Paradox
Formation, 2 sequence ¢f interbedded limestones
and evaporites. Similar evaporites have not
been recognized in the immediate Rico area, but
mey have existed in the section <that was
massively garnetized. Repiacement of
limestones above the garnet zone may have
required only minor remobilization of
syngenetic anhydrite. Carbon dioxide bubbles
observed in fluid dinclusions in the massive
anhydrite suggest that substantiel pressure
corrections eare recguired on homogenization
temperatures that range from 75-1500C. The
carbon dioxide probabiy evelved by hyvdrothermal
i]te;ation of celcite to eanhycdrite (Reynolds,

¢81). ' .

Geochemigtrv

Pervasive dispersien hzloes of molybdenum,
tungsten anc fluorine occur above the Silver
Creek depesit, ang 2re especially well-
developed and extersive in the Hermosa Group
north of the Last Chence fault. Tin, theallium,
rubidium, strontium and niotium show sporadic
anome lies.

Molybdenum increases. nradaa‘ny with depth to
within 2 few huncred meters of +0.2% Mo where a
very rapid increase is observed (Figures 7 and
8). Near-surface samoies very rarely exceed 1
ppm except &long major struciires.

Tungstﬂn forms a relatively tight hale
immediately above the 0.2% Mo contour, where it
coincides with the occurrence of the Jlowest




celcareous part of the Hermesa. Scheelite and
powellite are the principel tungsten minerzls.

Fluorine forms the most extensive trace
eiement h2lo 2and increases steadily from abeout
1,000 ppm at the surface to several percent at
the upper 0.2% Mo grade contour. Sericite is
inferre¢ tc contain most of the anomalous
fluorine, because only traces of {luorite have
been identified in the Silver Creek arez.

The drilled portion of the Silver C(reek
deposit . lies beneath the Blaine mine, at the
intersection of the Last Chance and Blackhawk

faults. These faults are exposed in the
workings of the Blaine mine as loc2lly qougy
guartz and calcite veins that are strongly

anomalous in tunasten, fluorine 2nd molybdenum.
Sampling of the faults both undergrounc and 2t

the surface yielded information that helped
loczte the deposit. :
Phyllic alteration, in associztion with

lenses of pyrite and magnetite, projects nearly
to. the surface adjacent to the mejor
structures. Lead-zinc-silver, and copper-iron
mineralization associated with the Silver (reek
deposit occurs peripherai to the phyllic haloes
above an elevation of 2,400 meters, and extends
several thousand meters laterally from the
surface projection of the molybdenum resource.

Conclusions

The Silver Creek molybdenum deposit at Rico,
Colorado was discovered by persistent,
aggressive explorationists and managers during
an economic environment conducive to high-risk
exploration. The application of the Climax-
type molybdenum exploration model wes essential
to the discovery, and flunniﬂ§4__EE¥E§£Sﬂ7riﬂg
mplybdenum gradients were key elements usecd to
direct the explioration drilling program.

Although the Silver (reek deposit has been

-only partially tested by drilling, it appears
to be very large and very high grade.
‘Approximately 44 million tons of %

been  indicated by drilling, using a 0.2%
cutoff. Two factors suggest that the grade may
e increased by additional drilling; 1)the
geologic center {source intrusion) of the
.deposit has not been located; and 2)the
structural control of the Llast Chance fault
suggests that a high grade keel may occur in an
untested arez where the fault intersects the
mineralized zone. The top of the known deposit

is 1,200 meters below the Elaine adit at an
elevation of 1,615 meters, and the cdeepest
xnown extent is 1,380 meters elevation, a

vertical raznge of 225 meters. The width of the
drilied deposit s cpproximately S80 meters,
and the lencth remeins unknown. Projections of

the outline of +0.2% Mo indicate that the
deposit mey exceed 200 million tons.
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Table 1. Analysis of Silicic Alkeli-Alaskite

Oxide i %
Si0z 7E€.50
Ti02 0.10
-R1202 11.00
Fep03 0.70
Fel -
»n0 0.0l
Ma0 0.20
Cal 0.65
N220 2.20
K20 5.10

P505 0.12
+2C
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PLIOCENE INTRUSIVE ROCKS AND MINERALIZATION NEAR
RICO,COLORADO

Fission-track and potassium-argon studies of in-
trusive rocks in the vicinity of Rico, Colorado, have
shown that there are at least two periods of igneous

activity and that significant ore mineralization is as-

sociated with alaskites and latites that are 3 to 5
m.y. old. Discordant fission track ages of apatite and
zircon in the older rocks reveal a major heat source
that cooled in late Miocene or early Pliocene and is
centered under the mineralized rocks near the town-
site of Rico. This heating may indicate the presence
of a buried stock that is related to the mineralization.

Introduction and Geologic Setting

Rico, Colorado, is a precious and base metal min-
ing camp situated on the Dolores River in the west-
ern San Juan Mountains. Previous reports on the
geology and mineralization include Farish, 1892;
Rickard, 1897 ; Cross and Spencer, 1900; Ransome,
1901 ; Cross and Ransome, 1905 ; Pratt, 1968 ; Pratt
et al, 1969; and McKnight, 1974.

Rico is near the center of the Rico dome, which is
a major east-west-trending, breached, elliptical dome
with a long axis of about 5 km. The dome consists
of uplifted Mississippian to Cretaceous sedimentary
rocks around a core containing a horst of Precam-
brian rocks that have been uplifted more than 2 km.
Detailed stratigraphic sections are given in Mc-
Knight, 1974,

Geochronologic Methods

Twelve intrusive rocks and one sericite from a
vein were dated as part of this study. Table 1 shows
21 fission-track ages on apatite, zircon, and sphene
concentrates. Table 2 lists two K-Ar ages, one bio-
tite age, and one sericite age. The map (Fig. 1)
shows the location and ages of all samples dated in
this study.

The fission track ages were determined using the

procedures outlined in Naeser (1976). The zircon
and sphene were dated using the external detector
method, and the population method was used for
dating the apatite. The standard error of the zircon
and sphene ages was calculated using the procedure
outlined by Naeser et al. (1978). The errors on the
apatite ages were calculated by combining the Pois-

son errors on the fossil and induced counts (Lindsey
et al,, 1975). The neutron doses were determined
by wusing National Bureau of Standards glass
SRM962. The neutron doses were calibrated against
the NBS copper neutron dose.

Intrusive Rocks and Age Relationships

Igneous rocks have been emplaced during at least
two episodes. Cretaceous?-Paleocene hornblende
latite rocks intrude the sedimentary rocks. The
hornblende latites are generally present as sills, but
at least one large discordant body cuts sedimentary
rocks several kilometers east of Rico, near Hermosa
Peak (Pratt, 1976). This body has a minimum age
of 57.2 = 6.9 m.y. (fission track, zircon) and older
ages of 80.1 = 2.4 m.y. (K-Ar, hornblende) and 78
=16 m.y. (fission track, sphene) (Marvin et al,
1974, No. 137). Armstrong (1969) reported an
age on hormblende latite collected several kilometers
south of Rico as 179 m.y. for a pyroxene concentrate
and 61.3 m.y. for the whole rock with the heavy
minerals removed. Preliminary studies of the rocks
in the Colorado mineral belt (Cunningham et al.,
1977) provided ages on the hornblende latite of 65
m.y. (fission track, zircon) and 20.2 m.y. (fission
track, apatite), indicating that the rock had been
partly thermally reset. Ages of zircons from three
samples collected for this study range from 59.9 = 2.7
to 649 * 3.7 m.y., indicating that the rock formed
close in time to the Mesozoic-Tertiary boundary.

A second major Cretaceous ?-Paleocene rock type
is augite monzonite, which forms a composite stock
west of Rico. Pratt et al. (1969) indicated that the
augite monzonite intrudes the hornblende latite ; Mc-
Knight (1974, p. 42) believed they were nearly con-
temporaneous; and our studies show sphene from
the augite monzonite as 78 m.y. old, indicating that
it may be the oldest rock, although definitive field
relationships are lacking. The augite monzonite has
been thermally reset, and discordant ages ranging
from 82 m.y. (K-Ar, hornblende) Marvin et al.,
1974, No. 132) to 6.6 = 2.3 m.y. (fission track, apa-
tite)” have been determined. The hornblende latite
and augite monzonite compose most of the igneous
rock exposed at the surface.
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TaBLE 1. Fission-Track Ages, Rico, Colorado

Number

pS pi
of 10¢ 108 ¢ U Age %= 20
Sample Mineral grains !, §? tracks/cm? tracks/cm! 10" n/em? ppm 10¢ yr
Augite monzonite
Rico 1 Sphene 6 0.99 (r) 8.46 (1645) 12.15 (1181)2 1.89 210 784 % 3.3
Zircon 6 0.98 (r) 4.78 (1174) 4.86 (596) 1.04 150 61.4 2.9
Apatite 50 0.068 (51) 0.016 (34) 0.169 (353) 1.14 48 6.6 = 2.3
Hornblende lante porphyry : .
Rico 2 Zircon 6 0.99 (r) 9.89 (2151) 9.72 (1058) - 107 290 64.9 £+ 2.9
Apatite 50 0.115 (s, 0.017 (36) 0.038 (121) 1.14 1.6 20.2 = 7.4
Rico 3 " Zircon - 6 0.78 (r) 11.77 (1835) 10.75 (838) 0.996 310 64.9 + 3.7
Apatite 50 0.099 (5:) 0.010 (29) 0.058 (162) 0.961 1.7 10.3 £+ 4.1
Rico 4 Zircon 6 0.94 (r) 6.12 (850) 10.58 (735) 0.994 310 - 34315
Apatite 50 0.125 (51) 0.004 (11) 0.049 (137) 0.961 1.5 46 29
Rico § Zircon 6 0.84 (r) 1.29 (219) 11.29 (957) 0.991 330 6.8 £ 0.6
Apatite 50 - 0.159 (51) 0.007 (20) 0.059 (165) 0.961 1.8 70+ 3.3
Rico 6 Zircon 6 0.96 (r) 10.74 (1856) 10.56 (913) 0.989 310 599 & 2.7
Apatite 50 0.10 (5)) 0.007 (20) 0.053 (148) 0.961 1.6 78 £3.7
Rico 9 Zircon 6 098 (r) ~  9.74 (1650) 14.82 (1256) 0.986 430 38.6 1.5
Apatite 50 0.10 (51) 0.005 (14) 0.051 (143) 0.961 1.5 5.6 3.2
Calico Peak porphyry )
Rico 10 (stock) Zircon 6 0.86 (r) 1.45 (271) 21.04 (1961) 0.984 620 4104
Rico 11 (dike) Zircon 6 0.99 (r) 0.865 (170) 9.00 (885) 0.982 260 5.6 =05
Rico 14 (sill) Zircon 6 0.92 (r) 0.931 (221) 13.42 (1592) 0.975 400 40204
Apatite 50 0.05 (s1) 0.027 (77) 0.258 (725) 0.961 7.7 6.1 +15
Alaskite porphyry
Rico 12 Zircon 6 0.93 (r) 1.12 {209) 19.60 (1827) 0.979 580 3.4 +03
Rico 13 Zircon 6 0.99 (r) 1.08 (147) 16.21 (1099) 0.977 480 39404

1 Correlation coefficient.

2 Standard error of mean induced tracks.
3 ( )Number of tracks counted.

Ap = 7.03 X 10717 yr=4,

The older rocks of the Rico dome are intruded by
dikes that include augite lamprophyre, hornblende
lamprophyre, basalt, alaskite porphyry, and por-
phyritic augite latite. We have dated the alaskite
porphyry as Pliocene, but the absolute ages of the
other dikes are unknown. Pratt et al. (1969) re-
ported ‘that augite lamprophyre and basalt dikes cut
the hornblende latite.

A stock and several dikes, collectively called the
Calico Peak Porphyry (Pratt et al., 1969), were
intruded 4.6 = 0.5 m.y. ago (average of three zircon
fission-track ages). The largest intrusive is a stock
that cuts sedimentary rocks at Calico Peak. The
rock is a biotite-hornblende latite that is pervasively
altered. A similar rock type that is much less
altered forms a sill several kilometers south of Calico
Peak near Priest Gulch. It has a K-Ar age of 4.5 *
0.2 m.y.. (biotite).

A distinctive alaskite porphyry forms several dikes
near the town of Rico and is associated with sig-
nificant- mineralization. Zircon from two samples of
this dike were dated. Sample 12 from Aztec Gulch,

west .of Rico, has -an age of 3.4 =0.3 m.y.; and

sample 13 from along Silver Creek, east of town, has
an age of 39 =04 m.y. This is the youngest rock
we have dated in the area. It may also be the young-
est rhyolite in the San Juan volcanic field; the

youngest one that Lipman et al. (1978) reported is
dated at 4.8 m.y. The basalt dikes and alaskite
dikes are probably essentially contemporaneous and
part of the bimodal suite recognized by Lipman et al.
(1970).

Thermal Ovérprint

A thermal event reset the ages of apatites in all of
the older rocks . The one sample we dated of the

TasLe 2. K-Ar Ages, Rico, Colorado

Radiogenic ®Ar

K,O . (10— Age (m.y.)
Sample  Mineral (percent) mol/g) (percent) 420

Calico Peak Porphyry
Rico 14 Biotite! 8.50  0.5479 43
(sill)- 8.53 )
Vein along Black Hawk fault?
57491  Sericite* 844  0.799 64.3 5.45 = 0.2
57-49I1 Sericite* 834  0.780 56.8 53902
V.

! Apalysts: R. F. Marvin, H. H. Mehnert, and
Merritt,

* Analyst: J. D. Obradovich.

3 Sericite from near intersection of Argentme tunnel and
Black Hawk fault (McKnight, 1974).

Constants: K#), = 0.581 X lO‘"’/yr As = 4.962 X 107/

.yr; K#/K = 1.67 X 10~ atomic ratio.
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Fic. 1. Simplified geologic map of the Rico quadrangle, Colorado.

Description of Map Units

Qs = surficial deposits (Quaternary)—includes alluvium, fan deposits, talus, slopewash, land-
slide deposits, and calcareous tufa. :

Tap = alaskite porphyry dikes (Pliocene)—light gray to white rhyolite containing partly
resorbed quartz phenocrysts in an aphanitic groundmass of K-feldspar and quartz.

Tcl = Calico Peak Porphyry (Pliocene)—porphyritic biotite-hornblende latite; brownish-
gray rock containing phenocrysts of sanidine, plagioclase, hornblende, and biotite in an aphani-
tic groundmass of quartz and feldspar; contains minor- Fe-Ti oxides, apatite, sphene and
zircon.

Teca = Calico Peak Porphyry (Pliocene)—altered porphyritic biotite-hornblende latite; light
gray to light brown porphyritic rock containing phenocrysts of plagioclase and K-feldspar in
an altered aphanitic groundmass; alteration minerals include alunite and sericite.

Td = Dikes (Pliocene?)—dikes of varying lithologies, including augite lamporphyre, horn-
blende lamprophyre, basalt, and porphyritic augite latite.

TKhl = hornblende latite-porphyry (Paleocene to Cretaceous?)—light to dark gray, por-
phyritic latite containing phenocrysts of andesine and hornblende in an aphanitic groundmass of
plagioclase, orthoclase, minor quartz, Fe-Ti oxides, apatite, and zircon; rock is pervasively
propylitized and locally sericitized.

TKm = augite monzonite (Paleocene to Cretaceous?)—gray, hypidiomorphic granular mon-
zonite containing andesine, interstitial orthoclase, green augite = hornblende = biotite, con-
spicuous sphene, minor quartz, zircon, and apatite.

KMs = sedimentary rocks (Cretaceous to Mississippian)—includes Dakota Sandstone, Mor-
rison Formation, Wanakah Formation, Entrada Sandstone, Dolores Formation, Cutler Forma-
tion, Rico Formation, Hermsa Formation, quartzite of Larsen tunnel area, and Leadville
Limestone. :

p€ = Uncompahgre Quartzite, Metadiorite, and Greenstone (Precambrian).

Contact, degree of certainty not indicated; fault, dashed where inferred, dotted where con-
cealed, bar and ball on downthrown side; approximate crestline of elongated dome.

1 =sample number, Tables 1 and 2; A = apatite fission-track age; Z = zircon fission-track’

age; S = sphene fission-track age; B = biotite K-Ar age.

Correlation of map units

Quaternary
Tﬁp Pliocene
————
_‘": Te 4'::' A"‘ B‘: ) .
,.::‘\'gl;’: . ':I;m‘:‘j . Tertiary
Td Pliocene( ?)
Unconformity
\W\\\\\% SRR Tertiary to
\ TKhl L TK1 Paleocene N
NN Cretaceous(?)
Unconformity
. Cretaceous to
KMs Mississippian
Unconformity

Precambrian
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augite monzonite (1)* has a zircon age of 61.4 =
2.9 m.y. and an apatite age of 6.6 = 2.3 m.y. The
apatite- ages on the hornblende latite-porphyry are
all much younger than the intrusive ages of the
porphyry and range from 20.2 = 7.4 m.y. (2) in the
southern part of the district to 4.6 =29 m.y. (4)
near the center of the district. Three samples of the
hornblende latite from within the mining district
were dated. The zircon ages from these samples
have all been lowered. They range from 38.6 = 1.5
m.y. (9) to 6.8 = 0.6 m.y. (5). The hornblende and
sphene are systematically older than the biotite and
zircon, suggesting that the biotite and zircon are
partly reset. '

The annealing of fission tracks in minerals is known
to take place at temperatures as low as 100°C
(Naeser, 1979). Apatite will suffer track loss at
temperatures between 90° and 150°C over periods
of time lasting 10® years or longer (Naeser and Faul,
1969). The track annealing in zircon is less well
known; Naeser has estimated that it occurs at tem-
peratures between 175° and 225°C. Track loss is a
gradational process, and partial track loss is possible.
This is seen by the apatite ages from samples 2 and
3 and the zircons from samples 1, 4, and 9. Total
annealing of apatite was observed in samples 1, 4,
5, 6,and 9. These five apatites have an average age
of 6.3 =06 m.y., and therefore must have cooled
from a temperature in excess of 130°C about 6 m.y.
ago. One sample (5) was heated in excess of 200°C.
The zircon from that sample has an age of 6.8 =
0.6 m.y., which is concordant with the age of the
apatite.

The pattern of reduced fission-track ages on apa-
tite and zircon delineated in this report points to a
major thermal disturbance in the Rico area. This
disturbance is probably centered near the location of
sample 5. We postulate that a stock, probably re-
lated to the Calico Peak Porphyry or the alaskite
porphyry, is present at depth just east of Rico.

Mineralization

The Rico mining district has produced gold, silver,
copper, lead, and zinc intermittently since 1879. The
known deposits consist of sulfide replacement. de-
posits and contact-metamorphic deposits in lime-
stones and veins in clastic rocks (McKnight, 1974).

The ages of all of the mineralization and the rela-
tionships to rock units are poorly known. Rickard
(1897) observed that the ore veins penetrated the
porphyry (apparently the hornblende latite-por-
phyry) in the ore deposits on Newman Hill, im-
mediately southeast of Rico. The literature does not

* The numbers in parentheses refer to sample localities in
Figure 1.

. contain any reference to genetic relationships between

the alaskite porphyry and sulfide ore.- Both samples
of alaskite porphyry collected for this study are
altered, and sample 12 contains disseminated sulfides
and is cut by small sulfide-bearing veins. This sug-
gests that the alaskite porphyry may be genetically
related to some, if not all, of the ore. This is further
supported by the single sample of sericite from the
ore vein along the Black Hawk fault, which has a
K-Ar age of about 5.5 m.y. The coincidence in time
and space between the young mineralization, young
intrusive rocks, and hidden thermal center east of
Rico suggests that this may be the site for a young,
unexposed stock with the potential for porphyry-
type mineralization.

The axis of the Rico dome is the loci of the augite
monzonite stock and possibly governs the location of
a hidden stock. The horst of Precambrian rock may
be related to the intrusion of this hidden pluton. The
relationship between superimposed centers of intru-
sion and mineralization has been well documented at
Climax and Henderson (Wallace et al., 1968, 1978).

Another potential source of economic mineraliza-
tion is the Calico Peak Porphyry stock at Calico
Peak. The alteration assemblage includes significant
quantities of alunite. Experimental evidence (Hem-
ley et al., 1969) has shown that, to form alunite in
this environment, sulfur and a hydrothermal system
are needed—two ingredients conducive to ore forma-
tion. Alteration features at Calico Peak are similar
to the alteration features at Marysvale, Utah, where
Cunningham et al. (1978) have shown a time-space -
genetic relationship between alunite alteration and
the precious to base metal mineralization, and have
predicted the presence of a hidden porphyry deposit.
Sulfides, tentatively identified as molybdenite, have
been reported from the Calico Peak Porphyry (W.
P. Pratt, oral commun., 1979).
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rock fragments, commonly of volcanic origin, and chert exceed quartz
grains, and plagioclases exceed alkali feldspars. In the southern
part of the basin, the reverse is true: quartz exceeds rock fragments,
vhich here are commonly of intrusive origin, and alkali feldspars
exceed plagioclases. The sandstones in the central part of the basin
are more like those in the northerm than southern part, but are
distinguished by the presence of a green hormblende, which does not
occur elsewhere. No stratigraphic changes in mineralogy are apparent.

These three geographic mineralogic groupings suggest that there were
at least three different source areas for the detritus in the Lance
sandstones in the Powder River Basin. The general flow directions
recorded in the channel sandstones indicate the general directions of
those sources: a volcanic source to the northwest for the northern
part of the basin, and exposed intrusive sources to the west and south-
west, respectively, for the central and southern parts of the basin.
ANOMALOUS COPPER IN THE LOWER YELLOWJACKET FORMATION I Ne 133032
(MIDDLE PROTEROZOIC), EAST-CENTRAL IDAHQ

CONNOR, Jon J., U.S. Geological Survey, Box 25046, Denver Federal

Center, MS 905, Denver, Colorado 80225
The lower part of the Yellowjacket Formation in east-central Idaho
consists of some 3300(?) m of interbedded gray to dark-greenish-gray,
fine-grained quartzite, siltite, argillite, and scapolite-bearing
marble. The sequence 1s dominated by thin-bedded to laminated
argillitic siltite that displays locally abundant normal grading
and ripple cross-laminae. The strata were apparently deposited
below wave base. Polygonal mud cracks are present but quite rare,
and the expected associated shallow water indicators (e.g., rip-up
clasts) are absent. The lower part of the Yellowjacket may be, at
least in part, a lateral facies of the overlying middle part, near
the top of which lies the world-class Blackbird copper-cobalt-geld
deposit.

Anomalous copper is widespread in dark, probably pyritic, argillitic
siltite of the lower Yellowjacket. The copper occurrences are small
and, apparently stratabound. They are reminiscent of the "green bed-
type™ of copper occurrences in Belt Supergroup rocks of northwest
Montana, but differ from them in lacking both intercalated red
(oxidized) strata and an associated silver anomaly, The lower
Yellowjacket copper occurrences may be syngenetic and could represent
the Initial stages of sea-floor venting, which ultimately resulted
in the formetion of the nearby Blackbird deposit.

VOLCANCLOGY OF THE WEST-CENTRAL MORMON MOUNTAIN VOLCANIC

FIELD Ne 133779
CONWAY, F. Michael, Geology Dept., Northern Arizona University,

Flagstaff, AZ 86011

The Tertiary Mormmon Mowntain Volcanic Field (MMVF), of central Arizma,

cmntains a diverse array of volcanic landforms, lithologies, and

eruption types. Stratigraphic relationshipe in the MWF

indicate early basaltic activity followed by emplacement of ands.l.t.lc

flows and dames. Hawaiian to Stramboliap volcanic activity resulted

in basalt lavas, scoria and lava cones, and small shield wolcances.

Sheet lavas of olivineiclinopyroxene basalt fomm the floor of the field,

and volumetrically dominate the field. These flows were emplaced by

effusive eruptions along N and MW trending fissures. The largest scoria

cone is Apache Maid Mountain. Its evolution fraom Strambolian activity

to a more effusive style of eruption is evidenced by the presence of

numerous late-stage basalt flows. Narth of Apache Maid Mountain lies

a small shield volcano of multiple basalt lava flows, with

associated agglutinate and scoria, erupted from a NW-trending sumnit.

exuptions endogenous

hornblende andesitic lavas and hreccias. Table Mountain is
lithologically similar to Round Mountain but is composed of short, thick
lava flows.

The diversity and timing of volcanic landforms in the west—central
MMWF indicates evolution fram quiescent volcanism (Hawaiian and
sttuﬂ:o.uan activity) to more explosive volcanism characterized by
Pelean activity. This style of volcanism is gimilar to volcanism of the
nearby San Francisco Volcanic Field and other adjacent fields alang the
southern Colorado Plateau.

GASTROPOD-BEARING PALEQSOLS OF THE EQCENE WILLWOOD FM. ‘Na 130394
{CLARK'S FORK BASIN, NORTHWESTERN WYOMING): OCCURRENCE, ha
PETROLOGY, AND GASTROPOD TAPHONOMY

CREIGHTON, Ann. Campus Box 315, Univ. of Colorado, Boulder, CO 80309
Limestones of Clarkforkian age in the Clark's Fork Basin, northwestern
Wyoming, have produced a significant collection of fossil terrestrial
snails. Emphasizing taphonomy's constructive contributions to sedimen-
tological studies, the gastropod localities are placed within the con-
text of their stratigraphic position and their relation to paleosols in
a fluvial sequence. Well-preserved gastropods invarfably occur within
highly calcareous mud lenses. These lenses are associated with drab-
colored crevasse splay and levee depositional units exhibiting 1ittle
or no pedogenic modification, and formed under presumably high relative
aggradation rates. Gastropods were not observed in sands, nor in
association with any but the most ifmmature paleosols (stage 1}). Petro-
graphic thin-section analysis of both the 1imestone lenses and their
lateral units provide information concerning timing of the carbonate em-
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placement, and the gastropod preservation. By accepting taxonomic
uniformitarianism, family-level affinities of the fossil gastropods to
modern land snails allows for paleoenvironmental reconstructions.
Preservation of the gastropods appears linked to factors such as pro-
portions of pedogenesis vs. sediment accumulation rate, calcium carbo-
nate availability, and features of land snail micro-habitats and
behaviorial ecology.
IN DEPOSITS FROM RECENT ERUPTIONS OF le 135457
MOUNT ST. HELENS

CROSS, Aureal T. and TAGGART, Ralph E., Department of Geological

Sciences, Michigan State University, East Lansing, MI 48824-1115

Recent * eruptions of Mt. St. Helens provide some modern analogues for
interpretation of different types of fossil deposits in Tertiary volcanic terrains.
The earthquake and explosive eruption of May 18, 1980, and ensuing eruptions
emplaced plant debris by five basic types of deposxtxonal mechanisms: 1) Debris
avalanche, triggered by an earthquake cascaded down the cone and moved as
much as 23 km down valley in about 10 minutes; 2) Mudflows (lahars) and debris
flows, mobilized from debris avalanche material and volcanic ash, extended down
several valleys including 75 km to the Columbia River over a period of 15.5 hrs.;
3) Direct and channeled blasts from ,?hreatu: explosions destroyed most of the
vegetauon over an area of 500 km“, remaving, transporting, and depasiting
material in a period of a few seconds; 4) Pyroclastic flows carried lapilli, bombs
and all sizes of plant debris aloft depositing this randomly in topographic lows
within a few hours; 3) Ash falls buried soil surfaces, forest litter and low plants
in proxxmal rgxom and also carried scorched needles, twigs and cones over
75 km in a 110 arc in less than an hour after the phreatic explosnon.

Some of the deposits are in multiple layers with varying amounts of plant
debris in different layers, particularly blast and pyroclastic flow deposits; some
stumps are buried in situ and others are excavated. Some of the wood is charred
and some is deeply eroded on one side facing pyroclastic and blast flow sources.
Plant debris formed ebb flow mats in mudtlows 60 km from the crater. Decay
and degradation of the organic detritus has already begun to remove much of the
finely shredded wood and leaf material but it is too early to evaluate the extent
to which plant material will be preserved in the various types of deposits.

SOURCES AND RATES OF PLANT ACCUMULATION

BFPECTS OF VOLCARIC ASH LAYERS ON MACERAL AND Ne 130905
IRORGANIC COMPOSITION OF THE C COAL BED, PERRON| '‘-
SANDSTONE MEMBER (CRETACEOUS), MANCOS SHALE,

CROWLEY, Sharon S., STANTON, Ronald W., SIMON, Frederick
0., O,S. Geological Survey, 956 Rational Center,
Reston, VA, 22092

Volcanic ash layers (tonsteins) influenced both the maceral
and inorganic composition of coal samples of the C coal bed,
Ferron Sandstone Member (Cretaceous) of the Mancos Shale,
Utah. Coal samples underlying the tonstein contain more.
inertinites (40 volume percent-~dominantly semifusinite)

than coal samples directly above the tonstein (20 volume
percent). Vitrinites (dominantly desmocollinite} are R
generally more abundant in coal samples overlying the
tonstein than in samples underlying the tonstein. Semi-
fusinite, an indicator  of oxidation and desiccation, suggests
that prior to the ash fall, peat developed in a relatively
well drained swamp environment. Following the ash fall, the
increase in vitrinites (particularly desmocollinite) indi-
cates a change to an environment with restricted drainage,
perhaps caused by the volcanic ash, which formed a semi-—-
impermeable layer and ponded surface water.

Previous workers report that tonsteins in the C coal
consist primarily of kaolinite and smectite formed by
leaching and remineralization of the original volcanic ash
layer. Our preliminary analyses of elemental distributions
in rock partings and coal (on an ash basis) generally support
this hypothesis, Be, %Zr, Mg, and Ba contents increase in
coal samples nearest the tonstein. In contrast, silica, which
also should have been intensively leached from the ash, does
not increase nearest the tonstein, which suggests that it was
more mobile than the other elements. The distribution of Na,
Li, K, Ca, and Sr was not affected by the tonstein.

THE PLIOCENE PALEOTHERMAL ANOMALY AT RICO, COLORADO
IS RELATED TO A MAJOR MOLYBODENUM DEPOSIT
CUNNINGHAM, C. 6., U.S. Geological Survey, Reston, V

NAESER, €. V., U.S. Geological Survey, Box 25046 MS 963
Denver Federal Ctr., Denver, CO 80225; CAMERON, D, £., P, O,
Box 250, Rico, CO 81332; BARRETT, L. F., 3006 fast Hinsdale
Ave., Littleton, CO 80122; WILSON, J. C., Applied Resources
Ltd., P. 0. Box 10894, Denver, CO 80210; and LARSON, P. B.,
Dept. of Geology, Washington State Univ., Pullman, WA 99164

A major paleothermal anomaly fs present around the Silver Creek

molybdenum deposft at Rico, Colorado. Fission-track ages 1n apatite and

zircon from Laramide-age hornblende-latite sills have been partially

reset as Tar away as 6 km. The reset ages become systematically younger

toward the cemter of the hydrothermal system and approximate a

"bullseye” over the molybdenum deposit and its associated alaskite

dikes. The molybdenum deposit i{s 3-5 Ma and the hornblende-latite sills

in the Rico district closest to the site of the deposit give Pliocene

ages from apatite and zircon that were totally reset. The paieothermal
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anomaly extends more than twice as far as epithermal silver, lead, and
zinc vein and replacement deposits that are peripheral to the molybdenum
deposit. .

P The molybdenum deposit, which was recently discovered hy the
Anaconda Minerals Co., contains approximately 44 million tons of 0,31%
Mo. Projections of the 0.2% Mo outline indicate that the deposit may
contain more than 200 million tons. The ore body is in Precambrian
quartzite and greenstone and was localfzed along the axis of the Rico
dome by major faults. The top of the ore body is 1,200 m below Silver
Creek near the east end of the Rico district. Fluid inclusions in the
veins have homogenization temperatures of 200°-300°C and salinities less
than 5 wt % NaCl, whereas those in the molybdenum deposit give 350°-
420°C with variable salinities. Stable {sotopes indicate that meteoric
water is dominant in the epithermal vein systems, but that magmatic
water is dominant in the molybdenum deposit,

EPIGENETIC SILVER-LEAD-ZINC MINERAL IZATION
IN THE CARRIETOWN MINING DISTRICT, BLAINE
AND CAMAS COUNTIES, IDAHO

DARLING, Robert S., MOYE, Falma J., BLOUNT, Charles W., and LINK,

Paul K., Dept. of Geologys Idaho State University, Pocatello,

Idahe 8320
The Carrietown silver-lead-zinc district is located in the central
Smoky Mountains of south-central ldaho, on the southwestern margin af
the Central Idaho Black Shale Mineral Belt of Hall (1985}, n the
district, Permian Dollarhide Formation structurally overlies Paleo-
zoic{?) Carrietown sequence in thrust fault contact. Both tectono-
stratigraphic units are intruded by Cretaceous granodiorites of the
Idaho "Batholith and by Eocene h{quvssal dacite porphyry dikes and
small atocks associated with the Challis magmatic episode.

The ore bodies occur as northeasterl trending vein-tyge fracture
fillings and replacements in both the Bollgrhide and the Carrietown.
Most deposits, however, are located in proximity to the thrust fault
or contacts with Cretaceous granodiorites, The deposits are composed
principally of argentiferous galena and sphalerite, accompanied by

yrite, arsencpyrite, chalcopyrite and tetrahedrite. Ores hosted by

ghe Dollarhide have a quargz-calcite gangue in contrast to those
hosted by the Carrietown which have a quartz-siderite gangue. These
minerals generally occur in brecciated fault zones, and open-space
filling textures are common. Thus. the deposits are interpreted as
epigenetic. However, sulfides contained within them were probably re-
mobilized from fine-grained stratiform syngenetic sulfides found in
both the Dollarhide and the Carrietown. )

Field relations and textural evidence. suggest only one period of
epigenetic mineralization, probably related to either Cretaceous or
Eocene plutonism. The spatial relationship of some deposits_to locally
sericitized granodiorites suggests a Cretacegus age., This age is
further supported over an Eocene age because urmineralized/unaltered
dacite porphyry dikes cut mineralized structures. However, the [daho
Batholith is believed to have been emplaced at mid-crustal levels (15~
20 km), depths not consistent with an apparently shaliow ore-forming
environment as suggested by the open-space filling textures. There-
fore, these textures suggest that either: (1) the deposits formed under
Eocene hypabyssal conditions, or (2) if Cretaceous, the depth of
emplacement for that portion of the Idaho Batholith is considerably
less than currently proposed.

HORIZONTAL STRESS ORIENTATIONS FROM WELL-BORE Ne 132650
BREAKOUTS IN THE SOUTH-CENTRAL UNITED STATES -
DART, Richard L., U.S. Geological Survey, Box 25046, Denver Federal Center,
MS 966, Denver, CO 80225
Dipmeter and fracture-identification well logs from 165 oil and gas wells in a
study area extending from the Texas Panhandle to the Mi ippi River (including
Oklahoma and Arkansas) yield information on the orientation of horizontal crustal
stresses. The stress data are inferred from approximately 1,000 directionally
oriented well-bore elongations (breakouts) totalling over 26,000 vertical feet.
Within this area, the wells are located in nine structural provinces: the Mississippi
- Embayment, Arkoma basin, Quachita fold belt, Anadarko basin, Ardmore-Marietta
basins, southern Oklahoma aulacogen, Midland basin, Palo Duro-Dalhart basins,
and the Hugoton Embayment.

Wells located in the central part of the study area from Oklahoma to the
Mississippi River form a high-quality data set having a copsistent nortk-
northwest- to north-trending orientation indicative of an east-northeast regional
maximum horizontal compressive stress (Sgmax) direction. These data agree with
a Spymax orientation of N. 65° E. based on a hydrofracture study in central
(o) ma. This high-quality data set includes breakout orientations from wells in
south-central Oklahoma in the vicinity of the west-northwest-striking Meers
fault. The esst-northeast regional Syymax is patible with evid of
Holocene left-lateral oblique slip on the Meers fault. Possible deviation from this
regional stress trend is seen in the orthogonal northwest and nortbeast distribution
of breakouts in wells in the southwestern part of the study area. This apparent
local deviation could be related to a complex tectonic and structural history.
However, it is possible that hydraulically induced fracturing during drilling may be
seen as breakouts on fracture-identification well logs. If this is the case, this
orthogonal data might be patible with the regional Syymax; that is, northwest-
oriented breakouts are normal to the regional Snmax while northeast-trending
breakouts may in fact be hydraulic fr oriented subparallel to it. Elsewhere
within the study areas, variations in breakout orientations preclude a determinati
of current stress directions.

CONODONT BIOSTRATIGRAPHY OF THE LAKE POINT LIMESTONE AND N° 126115
RECOGNITION OF THE MISSISSIPPTAN/PENNSYLVANIAN BOUNDARY -
AND A PQOTENTIAL MORROWAN STRATOTYPE,

DAVIS, Larry E,, and WEBSTER, G.D., Dept, of Geology, Washington

State University, Pullman, WA 99164

The Lake Point 1imestone, located in the northern Oquirrh Mountains of
northern Utah, is a nearly continuous sequence of bioclastic limestones
and calcareous sandstones deposited on a carbonate shelf within the
rapidly subsiding Oquirrh Basin. These 1imestones have yielded
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relatively high diversities of platform conodont elements, The upper
part of the Chesterian Adetognathus wnicornis and the Rhachistognathus
muricatus biozones are present, Other Chesterian conodonts include
Cavusgnathus naviculus, C. unicornis, C, regularis, Gnathodus girtyi
simplex, G, bilineatus, and Spathognathodus spiculus.

The Mississippian/Pennsylvanian boundary, recognized at the lowest

occurrence of Rhachistognathus primus, is 173.1 m above the base of the
section, Important Morrowan conodonts present include Adetognathus
gigantus, 4. lautus, A. spathus, Declinognathodus noduliferus,
D. japonicus, D, inaequalis, Idiognathoidee corrugatus, Id. simuatus,
Id. sulecatus parvus, Id. sulecatue sulcatus, Neognathodus symmetricus,
R, minutus havlemat, R. minutus minutus, R. prolirus, and R, webstert,
and enable the recognition of most Morrowan conodont biozones.

The Morrowan/Atokan boundary is interpreted to coincide with the
first appearance of Diplognathodus coloradoensis, The presence of
D. coloradoensis, Idiognathoides marginodosus, and Neognathodus
atokanensie clearly place the upper 78 m of the Lake Point Limestone in
the Lower Atokan,

In addition to conodonts, these 1imestones also yielded excellent
brachiopod faunas and to a lesser extent foraminifera, corals, and
bryozoans, Recognition of these boundaries within the unit, makes the
Lake Point Limestone a candidate for Mid-Carboniferous and a Morrowan
stratotype in the eastern Great Basin,

DIKE EMPLACEMENT AND SILICIFICATION OF PALEQZOIC I Ne 124375
%DIMENTARY ROCKS IN THE NORTHERN LOST RIVER RANGE,
AHO
DAVIS, Linda C., Department of Geology, Idaho State University,
Pocatello, ID 83209

Lower to mid-Paleozoic limestone, dolomite and quartzite near Mahogany
Hill, in the northern Lost River Range, east-central Idaho, have
undergone silicification and intrusion by dikes. The study area is
located on the eastern flank of the range, approximately 6 miles north
of Doublespring Pass, on the wes{ side of the Pahsimeroi Valley. This
area is on the Lost River Plate, one of several Mesozoic allochthons in
east-central Idaho. Basaltic and andesitic flows, pyroclastics, and
dikes of the Eocene Challis Volcanics unconformably overlie the
Paleozolc rocks in the area. Basin and Range extensional faulting is
still active as evidenced by eastward tilt of the range associated with
the magnitude 7.3 Borah Peak earthquake along the Lost River Fault in
October, 1983.

Previously unmapped, highly altered, purplish-red porphyritic dikes,
possibly associated with the Challis Volcanics, intrude folded and
faulted Paleczolc strata, The dikes do not crop out well and are
usually defined by concentrations of float in swales. Oxidized zones
in the country rock are commonly assoclated with the dikes and help
delineate their trend where no outcrop is found. Most dikes appear to
be emplaced along steeply dipping, northeast-trending Joint systems in
the country rock.

Nonlinear zones of silicification (jasperoid(?)), partially
silicified dolomite and limestone, and silicified breccia are spatially
associated with the dikes. These zones may be related primarily to
faults and secondarily to joints, which acted as conduits for silica-~
bearing solutions.

THE PETROLOGY AND GEOCHEMISTRY OF THE INTRUSIVE
ROCKS AND ASSOCIATED IRON-RICH POLYMETALLIC I Ne 135119
SKARN AT REILLY PEAK, NEW MEXICO .

DAVIS, Linda L., 8960 Carr St., Westminster, CO 80020
Igneous rocks at Reilly Peak, 8 km north of Winston, include
intrusive high-silica rhyolite, andesitic lithic tuff, ande-
ziﬁe dikes, a basaltic andesite plug and porphyritic rhyolite

ikes.

The main part of Reilly Peak is the intrusive high-silica
rhyolite (36.0 + 1.4 m.y.) with trachytic to spherulitic tex-
tures. It is hIghly fractured with mineralogy that reflects
high~temperature deuteric alteration and later hydrothermal
alteration. Two generations of altered biotites can be dis-
tinguished physically and chemically. The compositions of
the two generations vary throughout the stock. Interlayer
Ca0 and H,0 have been added to, and K,0 has been depleted
from the giocites. The high-silica riyolite is compositional-
ly similar to rhyolites from bimodal assemblages and to bio-
tite rhyolites of the eastern orogenic belt of the western
U.S.A.. The porphyritic rhyolites (22.6 + 0.8 m.y.) are
similar in composition to topaz-bearing rhyolites, however,
differences in trace-element abundances and an absence of
topaz distinguish the porphyritic rhyolites from topaz-bearing
rhyolites. Low-potassium andesite dikes (41.0 + 7.4 m.y.) in
the northern part of the area are much older than the ande-
sites in the southern part.

Emplacement of igneous rocks, with accompanying metamor-
phism and fracturing, and pre~existing faults provided an
enviromment favorable for the formation of the Fe-F-Sn-W-Be-
S~-B-Bi-Cu-Zn-Pb skarn deposits. The source of skarn-forming
fluids is probably multiple granitic or monzonitic plutons at
depth which may be comagmatic with the high-silica rhyolite.
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Stable Isotope and Fluid Inclusion Investigations of Epithermal Vein and R
Porphyry Molybdenum Mineralization in the Rico Mining District, Colorado

PETER B. LARSON
Départment of Geology, Washington State University, Pullman, Washington 99164-2812

Economic Ceolo e,
Vol 82, 1987, po. 2141-2157 :

Abstract

The Rico mining district, western San Juan Mountains, Colorado, contains epithermal
vein deposits, carbonate replacement deposits, and a large zone of porphyry-style molybde-
num mineralization. Historically, the vein and replacement deposits have produced signifi-
cant amounts of silver, lead, and zinc, with minor gold and copper. All the mineralization
formed nearly contemporaneously about 5 m.y. ago. The veins and replacement deposits
occur in Paleozoic and Mesozoic sedimentary rocks that have been uplifted into the Rico
dome, which is cored by a horst of Precambrian greenstone and quartzite. The porphyry
molybdenum mineralization (40 million tons of 0.31% Mo) is 1,500 m beneath the surface
in the east end of the district and consists of stockwork veining in Precambrian quartzite and
greenstone and in Pennsylvanian sedimentary rocks. The epithermal veins occur above and
peripheral to the porphyry mineralization. Widespread high silica, alaskite porphyry dikes
were also emplaced at the same time as the porphyry mineralization and are probably
related to the source intrusion for the molybdenum mineralization and the heat source for
the hydrothermal system that produced the epithermal and replacement deposits. Fluid
inclusions in quartz from the veins homogenize at temperatures in the range 200° to 300°C
and yield salinities less than 5 equiv wt percent NaCl. The 8D values of quartz inclusion
fluids (—112 to —121%0) and calculated §'%0 values of fluids in equilibrium with the quartz
(=3 to —17%) show that the epithermal vein fluids were '®O-shifted meteoric waters. Vein
samples with large '®0 shifts also exhibit very saline fluid inclusions, indicating that the
fluids which experienced the greatest degree of water-rock interaction contain the highest
concentration of dissolved components. The porphyry fluid (6D = —90 to —104%., §'%0
= +2%0) was derived from mixed magmatic and meteoric sources. Primary inclusions in the
porphyry veinlets homogenize to both liquid and vapor in the temperature range 350° to
420°C, suggesting that boiling occurred during their formation. Trains of secondary inclu-
sions are abundant in the veinlets and show that a later lower temperature fluid encroached
upon the porphyry system. No evidence for mixing of magmatic and meteoric fluids was
found in any of the epithermal veins. The porphyry mineralization formed early in the
history of the Rico hydrothermal system. Epithermal vein formation occurred later than the
porphyry mineralization, and the meteoric-hydrothermal fluid collapsed into the porphyry
core of the system during the retrograde stages of the hydrothermal system..

Introduction The Rico mining district, Colorado, contains a di-

verse assemblage of hydrothermal mineral deposits

OXYGEN and hydrogen isotope analyses of epither-
mal vein materials typically show that meteoric
water is the prevalent hydrothermal fluid reservoir
for epithermal vein formation (O’Neil et al., 1973;

Taylor, 1973; Casadevall and Ohmoto, 1977;

Bethke and Rye, 1979; Robinson and Christie,
1980; Matsuhisa et al., 1985; Brooks et al., 1986;
Larson and Taylor, 1987). However, Rye and Saw-
kins (1974) have shown that magmatic fluids were
the dominant component for vein formation at Ca-
sapalca, Peru. Minor magmatic components have
also been detected in the Creede district, Colorado
(Bethke and Rye, 1979). Stable isotope studies of
porphyry-type deposits have shown that a magmatic
fluid is commonly involved in this style of mineral-
ization (Sheppard et al., 1971; Hall et al., 1974;
Sheppard and Gustafson, 1976; Taylor, 1979; Han-
nah and Stein, 1986).

that includes epithermal Ag-Zn-Pb veins, limestone
replacement deposits, and a large porphyry-style
molybdenum deposit. The vein and replacement
deposits are peripheral to the deep molybdenum
mineralization, and radiometric ages and geologic
relationships show that all these deposits formed at
approximately the same time. This paper reports
the results of an investigation to determine the
sources of fluids involved in the vein and porphyry
mineralization in the Rico district, and to look for
evidence of the interaction among these fluids in
the hydrothermal system. Oxygen and hydrogen
isotope ratios have been measured for minerals and
inclusion fluids from the epithermal vein and por-
phyry deposits. Fluid inclusion homogenization and
freezing point measurements for these same sam-
ples have also been completed. These data show
that two isotopically distinct fluids, one of meteoric
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affinity and one of magmatic affinity, were present
in the hydrothermal system. Only an evolved me-
teoric fluid was involved in the epithermal vein for-
mation, but fluids of mixed heritage produced the
porphyry mmerahzatxon

Geology of the Rico District

“The Rico district (Fig. 1) is located in the western
San Juan Mountains, southwest Colorado, and lies
20 km west of the edge of the San Juan volcanic
field. From 1879 through 1968 the district pro-
duced 76,064 metric tons of lead, 75,309 tons of
zinc, 5,114 tons of copper, 14,513,288 oz of silver,
and 83,045 oz of gold (McKnight, 1974; Cameron
et al., 1987). The geology and precious and base
metal mineral deposits of the district have been de-
scribed by Cross and Spencer (1900), Ransome
(1901), Cross and Ransome (1905), Pratt et al.
(1969), and McKnight (1974). Excellent geologic
maps of the district are provided by Pratt et al.
(1969) and McKnight (1974). Fission track and ra-
diometric ages of intrusive rocks and alteration min-
erals in the Rico district have been reported by
Naeser et al. (1980). The Silver Creek molybdenum
deposit in the eastern part of the district was discov-
" ered and explored by drilling by the Anaconda Min-

erals Company in the late 1970s and early 1980s:
" the geology and exploration history of the molybde-

num deposit are described by Cameron et al.

(1987).

Geology of the Rico dome

. Mineralization in the Rico district occurs within
the Rico dome (Fig. 1). The 12 by 12 km dome is
cored by a horst of Precambrian quartzite and
greenstone and is flanked by a thick section of Pa-
leozoic and Mesozoic sedimentary rocks. Structural
contours drawn on the Pennsylvanian-Permian con-
tact show that a minimum of 1,000 m of uplift has
occurred. East-west—, northwest-southeast—, and
northeast-southwest—striking faults. predominate,
and two major zones of faulting intersect in the east-
ern part of the dome (Fig. 1).

Detailed descriptions of the stratigraphic sectxon
are provided by Cross and Spencer-(1900) and
McKnight (1974). The lowermost Paleozoic unit,
the Mississipian Leadville Limestone, lies uncon-
formably on quartzites of the Precambrian Uncom-
pahgre Formation. The Leadville Limestone is lo-
cally 75 m thick and the top of the unit exhibits

. widespread karst and related erosional features. A
sequence of clastic and calcareous sedimentary
rocks up to 1,000 m thick, the Pennsylvanian Her-
mosa Group, overlies the Leadville Limestone. In
Rico the Hermosa Group is locally subdivided into
three members. The lower member displays a vari-
able thickness and a diverse assemblage of marine

PETER B. LARSON
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FIG.'1. Structural map of the Rico district. The Dolores River
flows to the south and has deeply incised the central portion of
the dome. Structural contours, drawn on the Pennsylvanian-Per-
mian contact, show that about 3,000 ft (1,000 m) of uplift has
occurred. Major faults (heavy lines) and the central horst of Pre-
cambrian rocks (stippled pattern) are also shown. Mineralized
areas discussed in the text are: (1) lower Silver Creek, (2) Silver
Creek molybdenum deposit and the Argentine mine (upper Silver
Creek), (3) CHC Hl“ NBH, (4) Newman Hill, and (5) Calico
Peak.

clastic lithologies that varies from siltstones to
coarse arkosic sandstones. The middle member
contains about 30 percent thin limestone units in-
terbedded with arkosic sandstones. The upper
member consists of arkose, shale, sandstone, and
conglomerate, with minor interbedded limestone.
Red beds of the Pennsylvanian Rico Formation and

the Permian Cutler Formation overlie the Hermosa

Group on the edges of the Rico dome, but they have
been removed by erosion over the central part of
the uplift.

Igneous rocks emplaced during two episodes of
Cretaceous-Tertiary magmatism are present in the
Rico district (McKnight, 1974; Naeser et al., 1980).
An augite monzonite stock and numerous horn-
blende latite sills and dikes are Cretaceous-Paleo-
cene (Laramide) in age and intrude the Paleozoic
and Mesozoic sedimentary rocks. The augite mon-
zonite forms a 2.5-km-diam stock in the west-cen-
tral part of the dome. Naeser et al. (1980) report a
78-m.y. sphene fission-track age for the augite
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monzonite. The hornblende latite sills and dikes are
widespread throughout the district. Zircon fission
track ages of 59.9 to 64.9 m.y. for the latite (Naeser
et al., 1980) indicate that the latite is younger than
the monzonite, although definitive crosscutting re-
lationships have not been found in the field. Several
samples of the latite and monzonite studied by
Naeser et al. (1980) yielded younger fission-track
ages than those noted above: these were inter-
preted by these authors to have been thermally
reset.

The second eplsode of magmatism resulted in the
emplacement of a series of Pliocene dikes and small
stocks that includes lamprophyres, basalt, and alas-
kite porphyry. Two zircon ages of 3.4 and 3.9 m.y.
for the alaskite porphyry were reported by Naeser
et al. (1980). Cameron et al. (1987) dated an alas-
kite dike collected from drill core. This sample
yielded a K-Ar age of 5.2 m.y. The alaskite por-
phyry is believed to be the source for the porphyry
molybdenum mineralization (Naeser et al., 1980;
Cameron et al., 1987). A small stock and several
dikes of a distinctive porphyrytic rock with large
orthoclase and resorbed quartz phenocrysts, the
Calico Peak Porphyry, are exposed near the west-
ern edge of the dome. Naeser et al. (1980) mea-
sured a biotite K-Ar age of 4.5 m.y. for one of these
intrusions.

Mineralization in the Rico district

Hydrothermal mineralization at Rico occurs in a
diverse assemblage of deposits. All these deposits
appear to be contemporaneous with, or slightly
younger than, emplacement of the alaskite por-
phyry dikes. Hydrothermal alteration minerals have
been radiometrically dated in one location, along a
meter-wide quartz vein that directly overlies the
deeper porphyry molybdenum deposit by about
1,500 m. Two samples of sericite collected along
the vein walls yielded K-Ar ages of 5.45 and 5.39
m.y. (Naeser et al., 1980). An outcrop of the alas-
kite porphyry, 500 m northeast of the dated sel-
vage, has been explored by a short adit. Here, the
porphyry is pervasively altered and cut by centime-
ter-wide veins of quartz, pyrite, sphalerite, and ga-
lena. The alaskite porphyry is similarly altered in all
other exposures throughout the mineralized por-
tion of the district; locally the porphyry is cut by
thin stringers of quartz and pyrite. -

Mineralization styles in the Rico district mclude
epithermal vein, carbonate replacement, and por-
phyry molybdenum deposits. Mineralization has
also occurred. in- porous. evaporite horizons in the
lower Hermosa Group sedimentary rocks, where
these horizons are intersected by the epithermal
veins. Early in the history of the district miners

named these horizons “contacts.” This uncharac-
teristic usage is maintained in this paper. One area
of solfataric alteration with enargite and pyrite pods
is present at Calico Peak on the west end of the
dome (Larson and Taylor, 1987). Nearly all of the
deposits are now inaccessible, and the following de-
scriptions are drawn from Ransome (1901);
McKnight (1974), and Cameron et al. (1987) and
from observations of core and old dump material.
Areas of mineralization referred to in the text are
located in Figure 1.

Veins and contacts: Quartz veins fill fractures and
faults throughout the district. The quartz is gener-
ally vuggy and exhibits inward-projecting termina-
tions from the vein walls. Pyrite is widespread in the
veins and sphalerite, galena, and chalcopyrite are
also common. Rhodonite and rhodochrosite are
common vein minerals on Newman Hill, where they
occur banded with the quartz and sulfide minerals.
The manganese minerals are much less:common in
other areas, such as CHC Hill. Silver sulfide min-
erals also occur in the Newman Hill veins, which
produced a large amount -of silver early in the his-
tory of the district. Throughout the district the
veins are best developed in the lower and middle
members of the Hermosa Group sedimentary.rocks.
Veins are also well developed in faults that bound
and crosscut the Precambrian horst in the center of
the dome.

Several contacts were discovered by the early
miners, but only the Enterprise contact on Newman
Hill in the lower Hermosa Group proved to be
highly productive. Ransome (1901) provides an ex-
cellent description of this contact and he attributes
to it a third of the district’s production through
1901. The Newman Hill veins fill faults and frac-
tures (Fig. 2) in which niineralization terminates
upward at the contact. The Newman Hill veins were
only productivé for about 30 m below the contact
and only the northeast-trending veins were eco-
nomically mineralized. Although the structures that
the veins filled persist above the contact, no veins
were developed in these hanging-wall fractures.
Long tabular orebodies consisting of the same min-
erals that are found in the veins formed in the con-
tact where it is intersected by a vein. Typically the
contact is 2 m thick. Massive gypsum occurs be-
tween the tabular orebodies, and many natural
caves were discovered by the miners in the gypsum
and in the spaces between the gypsum and the ore.
The surface of the gypsum exhibits extensive solu-
tion cavities, which are well illustrated by a photo-
graph in Ransome’s report (plate XXXII, Ransome,
1901). The overlying bedded siltstone has slumped
extensively into the solution. cavities. McKnight
(1974) notes that bedded evaporite deposits are
common in the lower Hermosa Group southwest of
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FIG. 2. Topographic map of the southeastern area of the Rico
district showing the location of the Newman Hill veins (from
Ransome, 1901), and the Silver Creek molybdenum deposit 0.2
percent Mo cutoff (from Cameron et al., 1987) projected to the
surface. Also shown are sample locations as designated by the
corresponding letters (A-K) in Table 3. See Figures 3 and 4 for
cross section A-A'.

the Rico dome, and he attributes the gypsum in the
Enterprise contact to a sedimentary origin.
Sequential deposition of vein minerals from
which paragenetic relations can be discerned are
found only in the Newman Hill veins. Here, three
distinct paragenetic zones have been defined. Zone
I, generally less than 1 cm wide, consists of a band
of terminated quartz crystals along the vein walls.
"~ Minor euhedral pyrite usually accompanies the
quartz. Zone II is younger than zone I and typically
exhibits alternating bands of quartz and rhodochro-
site with local pods of sulfide minerals. Zone 11
quartz is euhedral and can occur as rosettes or in a
cockscomb texture. This zone varies from 2 to
greater than 10 cm wide, and some samples contain
individual quartz crystals up to 5 cm in length. The
most abundant sulfide minerals are galena, sphaler-
ite, and pyrite; chalcopyrite is less common but

ubiquitous. Argentite is present in minor amounts,

generally in association with chalcopyrite. The
sphalerite is rarely zoned but commonly contains
small grains of chalcopyrite (chalcopyrite “*dis-
ease’’) that are distributed along growth planes.
Tetrahedrite is also found as small stringers in the
sphalerite. In addition to these minerals, Bastin
(1922) found tennantite, proustite, polybasite, and
pearceite in the veins, and McKnight (1974) reports

the occurrence of stephanite, native gold, and na-
tive silver. Minor rhodonite accompanies the rho-
dochrosite. Zone II varies from 2 to greater than 10
cm wide. Zone III is the youngest zone and fills the
center of the veins. It consists of massive quartz
with inward-projecting terminations. Minor rho-
donite, sphalerite, galena, and pyrite are also
present.

Veins in lower Silver Creek are less than 0.5 m
wide and are not zoned. Quartz is the most abun-
dant mineral in these veins and often is the only
mineral present. In some places bladed specular
hematite, partially replaced by magnetite, occurs
together with minor pyrite, galena, and sphalerite.
In upper Silver Creek, veins along the Blackhawk
fault in the Argentine mine vary from 0.5 to 2 m
wide and consist of massive quartz and calcite with
only minor pyrite.

Limestone replacement deposits: Replacement de-
posits in limestone beds in the Rico district them-
selves exhibit a great diversity. Two dlstmct types
have been found:

1. Massive pyrite with minor galena, chlorite,
and clay replaces the middle Hermosa Group lime-
stones along quartz veins in the Argentine and CHC
Hill areas (Fig. 1). Pyrite in these deposits was
mined as a source of sulfuric acid in the 1950s and
1960s. Locally these replacements contain sphaler-
ite and galena, minor chalcopyrite, tetrahedrite,
quartz, carbonate minerals, fluorite, and rare ala-
bandite and cosalite. These replacements were im-
portant sources of lead, zinc, and silver.

2. Massive replacement of the Leadville Lime-
stone is found in lower Silver Creek. In one example
at the Atlantic Cable mine (McKnight, 1974), mas-
sive specularite, magnetite, and chlorite replace the
dolomitized limestone. Silicification is also locally
important. Pods of sphalerite, galena, and chalcopy-
rite are scattered through the massive gangue min-
erals. These deposits produced significant amounts
of silver early in the history of the district. A similar
deposit, the NBH zone, north of the lower Silver
Creck area, was discovered by drilling in the 1960s.
Drilling encountered overpressured hot brines in
the mineralized zone. The NBH deposit contains
abundant pyrite and chalcopyrite in addition to iron
oxides and other gangue minerals. The lower Silver
Creek replacement deposits may also be controlled
by porous remnant karst features at the top of the
Leadpville Limestone. :

Porphyry molybdenum deposit: Exploration dia-
mond drilling by the Anaconda Minerals Company
from 1978 through early 1983 resulted in discovery
of the Silver Creek molybdenum deposit (Cameron
et al., 1987) in the east end of the Rico district. The
deposit lies about 1,500 m beneath the surface in
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the upper Silver Creek area. Reserves indicated by
drilling are 40 million tons of 0.31 percent Mo. The
mineralization is not closed on its southeastern side,
and total potential reserves may be 200 million tons
(Cameron et al., 1987). The surface projection of
the 0.2 percent Mo cutoff is shown in Figure 2. An
east-west cross section through the deposit (Fig. 3)
shows the relatively flat, tabular shape of the miner-
alized zone. The highest grade mineralization
occurs along the contact of the Precambrian Un-
compahgre Quartzite with the overlying Hermosa
Group and the underlying Precambrian greenstone.
In plan view the high-grade zone straddles the Last
Chance fault. A source intrusion has not been inter-
sected by drilling. The alaskite porphyry dikes
occur only in the eastern half of the district and
were infrequently encountered during drilling.
The mineralization occurs as characteristic stock-
work quartz-molybdenite veinlets. A detailed dis-
cussion of alteration associated with the molybde-
num deposit is presented by Cameron et al. (1987).
Veinlet-related alteration (Fig. 4) consists of a deep
potassic zone in which secondary biotite and locally
orthoclase pervasively invades the walls. Local
quartz-orthoclase veinlets are also present. Anhy-
drite commonly accompanies the biotite and occurs

§
ELEVATION

WEST . 1000 F © EAST

FIG. 3. Cross section A-A’ (Fig. 2) showing Mo grades (from
Cameron et al., 1987). Drill holes are projected to the plane of

the cross section and are shown as thin lines. The piercing point

for each hole is shown as a small circle. The geologic units are:
pCg, Precambrian greenstone; pCu, Uncompahgre quartzite; P,
Paleozoic sedimentary rocks. Faults are shown as medium heavy
lines. .

10000"

7000’
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FIG. 4. Cross section A-A’ (Fig. 2) showing alteration facies
associated with the Silver Creek molybdenum deposit (from Ca-
meron et al., 1987). See Figure 3 for an explanation of symbols
and geologic units. Carbonate beds in the lower Paleozoic section
are altered to garnet near the high-grade molybdenum zone and
to massive anhydrite and diopside peripheral to the garnet zone.
Veinlet-related alteration consists of a proximal potassic facies
and a distal phyllic facies, which grades upward and outward to a
district-wide pervasive propylitization.

with quartz in early veinlets in the upper part of the
zone. The potassic alteration grades upward to a
typical quartz-sericite-pyrite phyllic zone. This in
turn grades upward to a propylitic facies best char-
acterized by the development of hydrothermal
chlorite, calcite, epidote, and pyrite in the horn-
blende latite porphyry throughout the district. Pa-
leozoic carbonate rocks above the Uncompahgre
Quartzite have been replaced by garnet and minor
diopside. This is in turn overlain by a zone in which
massive diopside and massive anhydrite replace
carbonate units. Cameron et al. (1987) suggest that
the massive anhydrite predates formation of the
cale-silicate alteration. :

"Sampling and Analyses

Samples from veins in lower Silver Creek, from
Newman Hill, and in upper Silver Creek over the
top of the Silver Creek molybdenum deposit were
collected and have been analyzed. Core samples of
quartz-molybdenite from the molybdenum deposit
were also collected and analyzed. Core samples are
catalogued by the drill hole number and the depth
in feet below the drill collar from which the sample
of core was collected. The lower and upper Silver
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Creek veins were sampled in place (Fig. 2). New-
man Hill is covered with Pleistocene landslide

debris (Cross and Spencer, 1900; McKnight, 1974) -

and the old mine workings are caved and inaccessi-:
ble, The Newman Hill samples were collected by
carefully examining and selecting vein samples from
the old mine dumps. Comparison of slabbed dump
samples to the line drawings of Newman Hill veins
in Ransome (1901) shows that these samples are
typical of those veins. It was possible to collect sam-
ples of the Newman Hill veins that are complete
from wall to wall.

Greater than 99 percent pure quartz was hand
picked from crushed samples of the veins. Oxygen
isotope analyses were conducted at Caltech using
fluorine gas as a reacting agent, essentially accord-
ing to the technique of Taylor and Epstein (1962).
All results are reported in the familiar § notation in
per mil. Precision is better than 0.2 per mil. Raw
values are corrected to the SMOW scale using the
Caltech rose quartz § value of 8.45; National Bu-
reau of Standards-28 has a §'%0 value of 9.60 per
mil on this scale. Hydrogen isotope analyses of in-
clusion fluids were conducted at the U. S. Geologi-
«cal Survey laboratory at Menlo Park by thermal de-
crepitation of —160 mesh crushed quartz at
1,300°C. Water released during decrepitation was
reacted with zinc to produce hydrogen gas. The 6D
values are reported in per mil relative to SMOW,
with precision better than 1 per mil. Doubly pol-
ished chips of vein material were prepared for fluid
inclusion heating and freezing measurements using

PETER B. LARSON

a gas flow heating-freezing stage at Washington
State University.

Fluid Inclusion Measurements

Homogenization temperature (T}) and freezing
point depression (T,) measurements were con-
ducted on fluid inclusions to determine the temper-
atures of vein and veinlet formation and to place
constraints on the compositions of the hydrother-
mal fluids. Polished quartz chips of samples from
Newman Hill, lower Silver Creek, the Argentine
mine, and the Silver Creek molybdenum deposit
were analyzed. Average T} values are presented in
Table 1, and T,, and T}, for individual inclusions are
tabulated in Table 2.

Newman Hill veins

Two vein samples from Newman Hill, RI-011
from the Jumbo shaft and RI-023¢ from the Vestal
shaft, were chosen for detailed study because they
exhibit complete cross sections of the three para-
genetic zones. Fluid inclusions are common in
quartz from each of the three paragenetic se-
quences in both samples. The inclusions range up to
25 p in diameter. Primary and secondary inclusions
are present in all three zones in both samples. Pri-
mary inclusions occur along growth planes parallel
to the faces of euhedral quartz crystals, Coarse in-
clusions that do not lie within linear trains of inclu-
sions are also interpreted to be primary. Secondary
inclusions occur in linear trains that commonly

TABLE 1. Average Fluid Inclusion Homogenization Temperatures (Ty) for Vein and Veinlet Quartz from the Rico District

Average Number of Standard -
Sample no. Origin Tw (°C) measurements deviation
‘Quartz-molybdenite veinlets ,

SC-5 4168 P/S 315 39 30.2
SC-5 4314 P/S. 338 29 424
SC-5 4409 P/S 355 30 32.3
SC-7a 4681 P/S 328 19 32.4
SC-7a 4735 P/S 315 28 32.6

© $C-7a 5005 P/S 302 19 31.9

Epithermal veins :

RI-003a S 214 59 22.2
RI-0111X P 246 . 12 8.8
S 289 5 31.3

RI-01100 P 292 18 11.5
RI-011I0 P 244 22 29.7
IR-015b S 238 30 17.2
RI-015¢ S 243 22 23.1
RI-017a S 242 30 18.9
RI-019a S 252 . .27 15.9
RI-020. S 291 . 24 8.8
"RI-023c 1 P 72 23 29.8
RI-023c I P 264 21 242
RI-023c IO P 232 32 20.6

Inclusion origin is listed as P if most of the measured inclusions for a particular sample were primary and § if they were secondary
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TABLE 2. Homogenization Temperatures (T};) and Melting Point Measurements (Tm) for Individual
Fluid Inclusions in Quartz from the Rico District

Equivalent
Sample no. Origin Ta (°C) © Tw(°C) weight percent NaCl
Quartz-molybdenum veinlets :
SC-5 4168 P/s 350 -0.4 0.70
SC-5 4314 P/S 360 +8.0 -

SC-5 4409 P/s 320 —-2.2 ’ 3.69
) P/S 305 -1.1 ) 1.90
SC-7a 4681 P/S 320 —4.6 7.29

P/S 360 +8.7

P/S 350 . +9.4

P/S 350 +9.6
SC-7a 4735 P/S 355 —4.4 7.01
P/S 320 —-2.1 3.53
P/S 285 -0.4 0.70
P/S 320 -0.4 0.70

P/S 320 - +9.6
SC-7a 5005 P/s 285 -1.0 1.73
P/S 265 -0.9 1.56
P/S . 295 -0.6 1.05

P/S 335 +8.2

P/S 335 +8.5

Epithermal veins _

RI-0111 P 200 =0.7 1.22
T P 210 -0.6 1.05
S 310 -2.6 4.32
RI-011 II P 285 —-2.5 4.17
P 275 -3.1 5.09
‘RI-011 III P 230 . -1.8 3.05
- P 290 -1.4 2.40
P 280 -1.0 1.73
P 220 -0.8 1.39
P 255 -0.7 1.22
P 275 —0.6 1.05
RI-015¢ P 230 -0.4 . 0.70
) P . 265 -0.1 0.18
S 265 —0.6 1.05
RI-017a S NA -0.6 1.05
S NA -0.5 0.87
RI-019a S NA -0.2 0.35
S NA 0.0 0.00
RI-020 S 270 -1.9 3.21
S 280 -1.7 2.89
S 275 -0.9 1.56
S 285 -1.0 1.73
RI-023cI P 285 ~2.6 4.32
P 265 : -2.6 4.32
RI-023c¢ I P 255 -2.4 4.01
P 285 . —23 3.85
RI-023c I P 210 —0.6 1.05
P 210 ) -0.6 1.05
P 225 . -0.5 0.87
b 210 -0.5 0.87
P 210 -0.5 0.87

Origin is abbreviated as P for primary and S for secondary; equiva]ex;t weight percent NaCl was calculated from the freezing point
depressions according to the equation of Potter et al. (1978); NA = not available

crosscut grain boundaries. Fluid inclusion heating- mary and secondary inclusions and because primary
freezing measurements of the Newman Hill samples  inclusions are abundant. Daughter minerals were
were restricted almost entirely to primary inclu- not observed in any of the Newman Hill inclusions.
sions because of the clear distinction between pri- No pressure correction has been applied to the
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Newman Hill homogenization temperatures. Ca-
meron et al. (1987) estimate that a minimum of
1,200 m of rock has been removed by erosion over
the top of the Silver Creek molybdenum deposit.
The surface of Newman Hill lies at nearly the exact
elevation of the present surface above the molybde-
num deposit, and the same lithologic unit is exposed
in both areas. A similar minimum amount was prob-
ably also removed above the Newman Hill veins. At

-a depth of 1,200 m a 250°C, 2.0 wt percent NaCl
solution would lie along the hydrostatic boiling

curve at a pressure of about 95 bars (Haas, 1971). A
pressure correction for the fluid inclusions under
these conditions would be less than 10°C (Potter,
1977). However, no evidence of boiling was found
in any of the Newman Hill samples, and the pres-
sure was probably greater than 95 bars. Doubling
this pressure would still result in a pressure correc-
tion no greater than 10°C (Potter, 1977).

Ty, and T, values in both samples vary among the
three zones. Figure 5 shows these variations for
sample RI-011, together with a drawing of a slabbed
piece of RI-011 that shows the paragenetic relations
of the three zones. The average homogenization
temperature of primary inclusions increases from
246°C in zone I to 292°C for zone II, and then
drops to 244°C in zone IHI. In sample RI-023¢ the
average homogenization temperature decreases
from zone I (272°C) through zone II (264°C) to
zone III (232°C). In sample RI-011 the freezing
point of primary inclusions in zones I and II lie
within the same range (—0.6° to —1.8°C) but are
lower in zone II (—2.5° to 3.1°C). Zones II and III
freezing point depressions in RI-023c are similar to
those in zones I and III from sample RI-022, but
the zone I depressions are lower (—2.55°C).

RI-Oli

] Quartz
M suifide
Rhodochrosite

2cm

PETER B. LARSON

The presence of carbon dioxide in the inclusion
fluids can affect the freezing point of the fluid (Col-
lins, 1979; Hedenquist and Henley, 1985). Inclu-
sions from all three zones from each sample yielded
expanded bubbles of carbon dioxide when pow-
dered ‘mineral was crushed in oil between glass
plates. However, carbon dioxide was not observed
in the uncrushed inclusions in the form of double
menisci. The lack of a liquid COg phase in the in-
clusions places an upper limit of CO; concentration
at about 2.2 molal at 10°C (Hedenquist and Henley,
1985). At CO; concentrations between 0.85 and
2.2 molal, formation of a clathrate during freezing
will concentrate salts in the residual liquid phase
and result in a decrease in the ice melting point.
Although no evidence for a CO; hydrate was ob-
served in the inclusions, the salinities calculated
from the ice melting temperatures should be con-
sidered maximum values. _

Three secondary inclusions in zone 1 of RI- 011
probably formed during zone II deposition. These
inclusions homogenize about 50°C higher than the
average zone ]l homogenization temperature for this
sample (Fig. 5). Their homogenization tempera-
tures lie within the upper range of zone Il homoge-
nization. The freezing point temperature of one of
these inclusions is —2.6°C, which is within the
range of the zone II measurements but is two de-.
grees lower than typical zone I temperatures. These
three inclusions probably formed in fractures in the
zone I quartz during zone II deposition, and in fur-
ther discussions they will be included in the zone II
data.

Comparison of the fluid inclusion data between
the two samples shows that deposition did not fol-
low a consistent thermal history in all the Newman

F1G. 5. Sketch of a cross section of sample RI-011 from Newman Hill, showing paragenetic relations
among the three zones. Histograms of quartz fluid inclusion homogenization temperatures (Ty) and ice
melting point measurements (T,,) are also shown for each of the three zones.
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QUARTZ~MoS, VEINLETS
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, F1G. 6. A histogram showing all homogenization measure-
ments for fluid inclusions from quartz-molybdenite veinlets. Pri-
mary inclusions homogenize to either a liquid or a vapor in the
temperature range 350° to 420°C. Boiling occurred during de-
position in this temperature range.

Hill veins. Zones Il and HI in both samples yield
comparable homogenization temperatures and sa-
linities, but zone I shows distinct variations in both
properties. RI-011 shows a thermal maximum dur-
ing zone II deposition, but RI-023c exhibits a se-
quential decrease in temperature through the three
zones. In both examples zone III yields the lowest
average temperature. Fluid salinities (Table 2), cal-
culated using the equations of Potter et al. (1978),
follow trends similar to the temperature trends.
Fluids from zone II, which contains the sulfide min-
erals, have salinities of about 4 equiv wt percent
NaCl. Zone III salinities in both samples are less
than 2.5 equiv wt percent NaCl. RI-011 zone I sa-
linities are about 1 equiv wt percent NaCl, but zone
1 from RI-023c yields the highest salinity of any
Newman Hill samples thus far studied (4.25 equiv
wt % NaCl). It is possible that the temperature and
fluid salinity of zone I deposition vary systemati-
cally in Newman Hill veins, but the lack of exposed
veins precludes any attempt to map such variations.

Lower and ﬁpper Silver Creek

Veins in lower Silver Creek and in the Argentine
mine. (upper Silver Creek) consist of massive quartz
with minor amounts of sulfide minerals, and in

lower Silver Creek, magnetite replacmg bladed -

specular hematite. Manganese minerals are absent
and the zoning observed on Newman Hill is not
present. Euhedral vuggy quartz is present but not
abundant. Large inclusions that do not lie in second-
ary inclusion trains are considered primary and are
rare. Secondary inclusions are common as randomly
oriented trains that crosscut grain boundaries. No
temperature or salinity differences were found be-
tween primary and secondary inclusions in any of
the samples, although most of the inclusions that
were analyzed were clearly of secondary origin. No
evidence for boiling was found in any sample.

Daughter minerals were not observed. All samples
yielded expanded bubbles of carbon dioxide when

powders were crushed in oil, but no double menisci
were found. Calculated salinities are therefore
maximum- values. No pressure correction was ap-
plied to the lower and upper Silver Creek homoge-
nization data.

Samples from the Argentine mine, RI-015b,
RI-015¢, RI-017a, and RI-019a, in upper Silver
Creek were all collected underground in the Blaine
tunnel from the vein that fills the Blackhawk fault.
The samples represent 500 m of strike length along
the vein. These samples were collected 1.5 km di--
rectly above the porphyry molybdenum deposit.
K-Ar ages of sericite in the vein walls at this location
are 5.39 and 5.45 m.y. (Naeser et al., 1980). These
ages place the timing of vein filling within analytical
uncertainty of the age of the porphyry mineraliza-
tion (5.2 m.y., Cameron et al., 1987). Average fill-
ing temperatures for these four samples range from
238° to 252°C. The temperatures decrease from
southeast to northwest along the fault. Freezing
point depressions for these samples all lie between
0° and —0.6°C. These data indicate salinities no
greater than 1.05 equiv wt percent NaCl.

Inclusions from only one lower Silver Creek sam-
ple, RI-003a, were studied. This sample yielded the
lowest average homogenization temperature,
214°C, from the Rico district. Freezing point de-
pressions were not measured for this sample and no’
daughter minerals were observed. This quartz also
probably precipitated from a low salinity fluid, simi-
lar to the upper Silver Creek samples.

Sample RI-020 was collected from the dump of
the Union Carbonate mine. This mine lies on the
northernmost extension of Newman Hill and is 1 kin
north of the Newman Hill vein system and halfway
between the vein system and the Silver Creek mo-
lybdenum deposit. This mine is not part of the

- Newman Hill system because it lacks the character-

istic vein zones and the vein does not terminate up-
ward in the Enterprise contact. It resembles more
closely the vein samples from the upper Silver
Creek area. Vein dump material consists of massive
quartz with minor pyrite. Secondary inclusions in
one sample, R1-020, yield an average homogeniza-
tion temperature of 291°C. Freezing point mea-
surements indicate salinities in the range of 1.6 to
3.1 equiv wt percent NaCl. No evidence of boiling
and no daughter minerals were found in the inclu-
sions. They did yield expanded carbon dioxide bub-
bles on crushing in oil, but no double menisci were
observed. The calculated salinities are therefore
maximum values. :

Silver Creek molybdenum deposits

In contrast to the inclusions from the veins, the
quartz veinlets in the molybdenum deposit contain
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several distinct styles of fluid inclusions. Inclusions
from six core samples from two drill holes were ex-
amined. Inclusions are abundant in the quartz and
occur as unambiguous secondary inclusions in trains
that crosscut grain boundaries and as inclusions up
to 20 u in size that commonly exhibit negative crys-
tal shapes. Heating-freezing measurements were
restricted to inclusions not in the obvious secondary
trains, but the origin of many of the inclusions that
were measured cannot be unambiguously defined.
-The secondary inclusions typically contain a liquid
and a gas phase; and about 10 percent also include a
euhedral, cubic daughter mineral that is probably
halite. Sylvite and an opaque mineral were also ob-
served as daughter minerals. Most of the inclusions
not in the obvious trains contain a phase assemblage
similar to that in the secondary inclusions. Several
of the larger primary inclusions also exhibit double
" menisci, showing that liquid CO, is present. All of
the samples.produced expanded CO; bubbles when
powdered quartz was crushed in oil.

Figure 6 summarizes all of the homogenization
temperatures for the six core samples. Although
most of these inclusions homogenized to a liquid in
the range 225° to 415°C, 11 of the inclusions ho-
mogenized to a vapor in the temperature range
355° to 425°C. This is clear evidence of boiling in
the hydrothermal fluid. No pressure correction is
necessary because deposition occurred on the boil-
ing curve. A systematic vertical gradient in average
homogenization temperatures was not observed be-
 tween the two drill holes.

Freezing measurements were restricted to inclu-
sions that did not contain salt daughter minerals.
Two types of melting phenomena were observed:

1. Some inclusion fluids melted at temperatures
below 0°C, in the range from —0.4° to —4.6°C.
Salinities calculated from these data range from
0.61 to 7.22 equiv wt percent NaCl. These salinities
are maximum estimates because CO; is present.

2. Seven of the inclusions exhibited melting in
the range 8.0 to 9.6°C. These inclusions did not
exhibit double menisci, but most contained a wide
dark zone at the boundary between the liquid and
vapor phases in which a sharp contact could not be
observed. The high temperatures result from melt-
ing of a clathrate (Collins, 1979; Hedenquist and
Henley, 1985). Melting phenomena in these inclu-
sions should also include ice and clathrate freezing
points below zero, but freezing relationships were
difficult to observe because of the dark diffuse na-
ture of the liquid-vapor contact. All of the inclu-
sions with high melting temperatures have homoge-
nization temperatures in the upper range of the his-
togram in Figure 6.
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Homogenization to both liquid and vapor phases
in the range 350° to 420°C shows that boiling oc-
curred in the hydrothermal fluid. These tempera-
tures are the highest observed in the porphyry mo-
lybdenum samples and are interpreted to represent
the actual conditions during initial quartz deposi-
tion. Some of the lower homogenization tempera-
tures (Fig. 6) undoubtedly represent secondary in-
clusions. These data suggest that the temperature of
the fluid decreased by about 50°C during later fluid
flow in the veinlets.

Oxygen and Hydrogen Tsotope Measurements

Oxygen isotope ratios for vein quartz and hydro-
gen isotope ratios of inclusion fluids from quartz
were measured to determine the source of the hy-
drothermal fluids. The 6'%0 values of quartz from
veins on Newman Hill, from lower Silver Creek,
from the Argentine mine (upper Silver Creek), and
from veinlets from the Silver Creek molybdenum
deposit were measured. These data are presented in .
Table 3. Figure 7 compares all the §'20 values from
the Rico district. 8D values of inclusion fluids for
quartz from Newman Hill, the Argentine mine, and
the porphyry molybdenum veinlets were measured
and are reported in Table 4.

TABLE 3. The 3*®0 Values for Vein and Veinlet Quartz
. from the Rico District

Location in .
Sample no. Figure 3 8'"%0guartz
Quartz-molybdenite veinlets .
SC-5 4168 A +8.4
SC-5 4314 A +8.6
SC-5 4409 A +7.5
SC-7a 4681 B +8.7
SC-7a 4735 B +8.6
Epithermal veins :
RI-003a C -—6.1
RI-004a D -5.5
RI-0111 E +4.7
RI-011 I E +4.7
RI-011 I E -0.5
RI-012 E -0.5
RI-014 E +1.2-
RI-015b F- -4.4
RI-015¢ F —0.9
RI-017a G -39
RI-019a H -3.5
RI-019e H -3.4
RI-020 1 -1.5
RI-021 I =15
RI-023c 1 ] +2.6
R1I-023c 11 J +3.3
RI-023c HI J “+1.6
RI-026f K -5.7

All data are per mil relative to SMOW
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+8.4
+8.6
+7.5
+8.7
+8.6

-6.1
—5.5
+4.7
+4.7
-0.5
-0.5

+1.2- .

-4.4
-0.9
-3.9
-3.5
-3.4
~-15
-15
+2.6
+3.3
+1.6
-5.7
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FIC. 7. -A histogram of all 5!80 analyses of vein and veinlet
quartz-from the Rico district. The §'0 values for quartz from
other Tertiary deposits in Colorado are shown for comparison.
The range of quartz 6'°0 values for porphyry mineralization at
Climax (Hall et al., 1974) and in the Ophir (West Silverton) area
(Ringrose et al., 1986) are in the same range of values as those for
the Silver Creek deposit at Rico. Epithermal vein quartz values at
the Sunnyside mine (Casadevall and Ohmoto, 1977) are in the
same range as the lower Silver Creek and Argentine quartz sam-
ples, but the Creede (Bethke and Rye, 1979) vein quartz values
are higher than typical epithermal quartz vein samples.

Oxygen isotope ratios

Figure 7 shows that each of the areas in the Rico
district contains quartz that exhibits a distinct range
of §!80 values. Data from each group do not overlap
with data from any other group. The massive,
weakly mineralized, quartz veins from lower and
upper Silver Creek yield the lowest §'20 values
found in the district. Lower Silver Creek values
range from —5.5 to — 6.1 per mil. Quartz from the
Argentine and Union Carbonate mines have §'%0
values in the range —0.9 to —3.9 per -mil. Quartz
from the porphyry molybdenum veinlets produced
the highest 5'0 values. These data cluster between
7.5 and 8.7 per mil, and with the exception of SC-5
4409, the data lie within the 0.3 per mil range from
8.4 to 8.7 per mil.

Quartz §*%0 values from the Newman Hill veins
lie between the Silver Creek vein values and the
porphyry veinlet values, from ~0.5 to +4.7 per mil.
Quartz from each of the three paragenetic zones in
samples RI-011 and RI-023c was analyzed. A con-
sistent trend was not found between these two sam-
ples. In RI-011 quartzZes from zones I and II have
identical values of 4.7 per mil, and zone III quartz
has a value of ~0.5 per mil. In RI-023c the 5'%O
values of the quartz vary from 2.6 to 3.3 to 1.6 from
zones I through II1.

Figure 7 also compares the Rico quartz §'%0
values to values from other vein and porphyry de-
posits in Colorado. Quartzes from the Sunnyside
mine (Casadevall and Ohmoto, 1977), a_late Ter-
tiary vein deposit in the western San Juan Moun-

tains, overlap nearly the entire range of vein quartz
analyses from Rico. Quartzes from the Creede dis-
trict (Bethke and Rye, 1979), central San Juan
Mountains, yield §'%0 values higher than all but two
of the Rico veins. Quartzes from other areas of por-
phyry molybdenum mineralization (Climax, Hall et
al., 1974; Opbhir, Ringrose, et al., 1986). have §'®0
values that directly overlap the values from the
Silver Creek molybdenum deposit.

Hydrogen isotope ratios

Inclusion fluids from seven samples of quartz
were analyzed for hydrogen isotope ratios (Table
4). The 6D values for the three paragenetic zones in
RI-011 vary from —121 through ~117 to —112 per
mil for zones I through III. Fluid inclusions from
these three zones are predominantly primary, and
the secondary inclusions in zone I have been shown
to have formed from zone I fluids. The samples for
8D analyses were ground to finer than 160 mesh in
an attempt to fracture the quartz along zones of
secondary inclusions prior to extraction to the fluids
for analysis. The hydrogen isotope ratios for each
zone are therefore probably derived from predomi-
nantly primary inclusions, although some mixing
with secondary inclusion fluids could not realisti-
cally be avoided. Two samples from the Argentine
mine yielded nearly identical D values of —117
and —113 per mil. The inclusions from these sam-
ples were almost entirely secondary in origin.

Two samples of quartz from the molybdenum de-
posit produced éD values of —90 and —~104 per mil,
both heavier than any of the vein samples. Primary
and numerous secondary inclusions are present in
the quartz from the quartz-molybdenite veinlets.
Grinding to finer than 160 mesh was again used in
an attempt to fracture the quartz along planes of

TABLE 4. The 8D Vailues for Quartz Inclusion Fluids
from the Rico District

Sample no. Duater 580 ater
Quartz-molybdenite veinlets .
SC-5 4168 : —104 +1.5
SC-5 4409 -90 +1.8
Epithermal veins '
RI-0111 -121 —4.9
RI-011 IT -117 -3.0
"RI-011 IO -112 —10.2
RI-017a -117 -13.7
RI-019a -113 -12.9

Also shown are 6'%0 values for fluids in equilibrium with the
quartz calculated from the average homogenization temperatures
(Table 1) and the quartz 5'*0 values (Table 3) using the quartz-
water fractionation equation of Clayton et al. (1972); all data are
per mil relative to SMOW :
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FIG. 8. Plot of average homogenization temperatures (Ty) for
fluid inclusions vs. quartz §'°0 values. Also shown are isopleths of
380 values for water in equilibrium with quartz calculated using
the quartz-water fractionation of Clayton et al. (1972). The ver-
tical bars represent the standard deviation in T, measurements
for each sample. The §'%0 value of water in equilibrium with the
quartz for each of the samples can be read directly from the
isopleths. The porphyry fluids had consistently high §!20 values
and the lower Silver Creek and Argentine fluids had low values.
The Newman Hill fluids are intermediate between the porphyry
and massive quartz fluids, but this is not the result of mixing
between these two distinct reservoirs. Figure 9 shows that the
Newman Hill fluids are typical *O-shifted meteoric waters and
that the porphyry fluids contain a magmatic component.

secondary inclusions and thus exclude these fluids
from the analysis. The values of —90 and —104 per
mil lie midway between the vein fluid values of
about —115 per mil and the magmatic water values
of —40 to —80 per mil (Taylor, 1974, 1979).

Origin of the Hydrothermal Fluids

Oxygen isotope values for fluids in equilibrium
with quartz in all the samples for which quartz §'%0
values and average homogenization. temperatures

were measured are shown in Figure 8. This figure -

plots the quartz §'80 value versus T,,. Water 4'80
isopleths are also shown. These were calculated
using the quartz-water fractionation equation of
Clayton et al. (1972). The oxygen isotope values for
the hydrothermal fluids fall into three distinct fields
in Figure 8. The quartz-molybdenite veinlet fluids

PETER B. LARSON

have §'80 values that cluster within 0.5 per mil of
2.0 per mil. The data from the massive quartz veins
in lower Silver Creek, the Argentine mine, and the
Union Carbonate mine yield water values less than
—9 per mil. The Newman Hill veins have water
values that are intermediate between the quartz—
molybdenite veinlets and the massive quartz veins.

The isotopic compositions of fluids involved in
the porphyry and vein mineralization in the Rico
district (Fig. 9) can be defined using the hydrogen
isotope analyses of the inclusion fluids and the oxy-
gen isotope values of fluids in equilibrium with the
hydrothermal quartz (Fig. 8). These data suggest
that two fluids with distinct isotopic signatures were
responsible for the mineralization. The porphyry
fluid probably contained both a magmatic and an
180.shifted meteoric component. The epithermal
fluid was an !8Q-shifted meteoric water.

Figure 9 shows the fields of quartz-forming fluids
for other mid-Tertiary or younger vein deposits in
the San Juan Mountains, including the Sunnyside
mine in the Eureka graben (Casadevall and Oh-
moto, 1977) and the Mammoth Revenue mine at
Platoro (Brooks et al., 1986). Vein quartz fluids
from the West Silverton district, 33 km northeast of
the Rico district, plot in the same area in Figure 9
(Ringrose et al., 1986). These data show that 180-
shifted meteoric water is a common vein-forming
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FI1G. 9. Plot of 8D fluid inclusions vs. calculated 5'°0 values of
the hydrothermal fluids in the epithermal veins and porphyry
veinlets from the Rico district. The meteoric water line (MWL)
and the field of primary magmatic water (PMW) (Taylor, 1979)
are also shown. The epithermal fluids define the typical !%0O-
shifted pattern that is characteristic of meteoric-hydrothermal

fluids in hot spring and epithermal systems. The porphyry fluid -

lies on a mixing trajectory between the '30-shifted epithermal
fluid and the field of magmatic water. Also shown are fields of
hydrothermal fluid compositions for other Tertiary epithermal
vein systems in the San Juan Mountains: the Sunnyside periods 1
to V (Casadevall and Ohmoto, 1977) and Platoro (Brooks et al.,
1986), and for quartz-molybdenite mineralization in the West
Silverton district (Ringrose et al., 1986).
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fluid in San Juan hydrothermal systems and that the
isotopic composition of meteoric water in the San
Juans has been relatively constant since mid-Ter-
tiary time. The Rico epithermal vein-forming fluids
are thus typical of western San Juan epithermal
fluids. One example of vein-forming fluids in the
San Juans that does not plot in the common area in
Figure 9 has been found in the Creede district. The

hydrothermal system at Creede involved a complex’

mixture of meteoric and magmatic fluids with an
additional fluid derived from a closed basin lake in
the moat of the Creede caldera (Bethke and Rye,
1979). These authors suggest that isotopic evolu-
tion of the lake may account for the heavier hydro-
gen isotope ratios found in the inclusions in the
Creede quartz.

Stable isotope composition of the quartz-
molybdenite fluid

In Figure 9, the quartz-molybdenite fluids plot
midway between the epithermal vein fluid that ex-
hibits the greatest 80 shift (the Newman Hill
fluids) and the primary magmatic water field (Tay-
lor, 1974, 1979). This relationship suggests that the
quartz- molybdemte fluids lie on a mixing trajectory
between a magmatic water and an '80-shifted me-
teoric water. The quartz-molybdenite fluids lie ap-
proximately half way between these two end
members. Thus, the fluid probably consisted of
nearly equal proportions of each component. Fig-
ure 9 also shows the field of quartz-forming fluids
for mid-Tertiary quartz-molybdenite veinlets in the
West Silverton district (Ringrose et al:, 1986). This
field overlaps the Rico quartz-molybdenite field.
Although the number of 6D analyses for the Rico
veinlets is limited, the correlation between the Rico
data and the West Silverton data suggests that the
two analyses for the Rico samples are representa-
tive. Ringrose et al. (1986) propose a mixed mag-
matic-evolved meteoric water heritage for the West
Silverton quartz-molybdenite fluids. This is the
same model that is here proposed for the Rico
quartz-molybdenite fluids. The quartz-molybdenite
veinlets probably did not form from pure 20-
shifted epithermal-type fluids because 6D values for
typical mid-Tertiary and younger meteoric-hy-
drothermal waters in the San Juan Mountains are
about 30 per mil lighter than the éD values of the
quartz-molybdenite fluids from both the West Sil-
verton and Rico districts (Fig. 9).-

Campbell et al. (1984) have constructed a model
which shows that the meteoric-hydrothermal fluids
with water/rock ratios less than 0.05 would also plot
in the area of the quartz-molybdenite veinlets in
Figure 9. These fluids would have reacted with a
large volume of rock (low water/rock), and the 6D

and 820 values of such fluids would be buffered by
8D and 8'%0 values of the rock. Campbell et al. used
a fresh unreacted igneous rock (6D = —70%, %0
= 7.5%0) in their calculations. Therefore, their low
water/rock model applies only to fluids which have
been buffered by a rock that has typical magmatic
5D and 680 values; the fluid would inherit these at
a low water/rock ratio. Criss and Taylor (1983)
showed that 6D values in altered granites in the
Idaho batholith are very sensitive to reaction with
small amounts of meteoric water. The 8D values in
biotites from the batholith exhibit nearly complete
equilibration with meteoric-hydrothermal fluids
even before the §'0 values of the feldspars are de-
pleted by as much as 1 per mil (corresponding to a
water/rock of less than 0.1) due to oxygen exchange
with the fluid. To apply Campbell et al.’s model to
the Rico quartz-molybdenite fluids would therefore
require that these fluids had experienced low
water/rock ratios and that the fluids had interacted
with rocks which had not undergone any previous
water-rock interaction. This is unreasonable for the
Rico hydrothermal system because convection of
meteoric-hydrothermal fluids was probably initi-
ated when wall rocks were heated during early
stages of magmatism, before the magma was em-
placed into its final position and crystallized. Even
small amounts of interaction between meteoric-hy-
drothermal fluids and rocks would result in low 6D
values in the rocks. Later meteoric-hydrothermal
fluids would be buffered by rocks that were already
in hydrogen isotopic equilibrium with the fluids and
the fluids would maintain their initial D meteoric
values. Therefore, although Campbell et al.’s low
water/rock model cannot be conclusively elimi-
nated, it requires special circumstances concerning
the timing of the quartz-molybdenite mineraliza-
tion that cannot be demonstrated for either the Rico
or West Silverton quartz-molybdenite occurrences.
Thus, the mixed magmatic-evolved meteoric fluid is
preferred for the quartz- molybdemte veinlet for-
mation.

Stable isotope composition of the epithermal ﬂuids

The fluids from the epithermal veins form a linear
array in Figure 9 that is diagnostic of heated me-
teoric waters in geothermal areas as first defined by
Craig (1963). The array of epithermal fluid compo-
sitions indicates that no mixing between the epi-
thermal vein fluids and a magmatic fluid occurred in
the epithermal environment. The §'80 values of the
fluids exhibit a wide range due to the characteristic
180 shift that results from oxygen exchange be-
tween the heated, convectively driven, meteoric
fluid and the country rock. Extrapolating the epi-
thermal trend to the meteoric water line shows that
the pristine unexchanged meteoric water in the




2154

Rico area had a 8D value of —115 per mil and a !30
‘value of —16 per mil during the time of the hy-
drothermal event about 5 m.y. ago.

The Newman Hill vein-forming fluids have higher
8180 values than the fluids which produced the vein
in the Argentine mine. The Newman Hill fluids
have shifted to §'80 values about 10 per mil higher
than pristine meteoric water, but the Argentine
fluids are less than 5 per mil higher. The magnitude
of the 80 shift is a function of temperature, water/
rock ratio, the initial 6'%0 value of the fluid, and the
oxygen isotope composition of the reacting rocks in
the hydrothermal system (Taylor, 1974, 1979). The
initial isotopic composition for both vein fluids was
identical, and the fluid probably interacted with the
same rocks prior to entering the vein flow channels
in both areas. The fluid inclusion homogenization
data (Table 1), however, show that the Argentine
fluids produced veins at lower temperatures than
the Newman Hill fluids.

Salinity variations in the fluids

Salinities of the fluids also vary systematically
among the three groups of samples; salinity also
changes systematically with the oxygen isotope
value of the fluid. The fluid inclusion melting point
data from Table 2 are summarized in Figure 10 and
are plotted versus the calculated fluid 8'0 values
(Fig. 8) in Figure 11. The Argentine and Union
Carbonate fields in Figure 11 show that the massive
quartz vein fluids had low salinities and low water
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FIG. 10. Histograms comparing the fluid inclusion ice melting
temperatures among the three sets of samples. Also shown are the
equivalent- weight percent NaCl for these freezing point depres-
sions (Potter et al., 1978). The high melting points observed in
some of the porphyry veinlets represent clathrate melting and
show that these inclusions contained a high partial pressure of
COs. See text for further discussion.
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FiG. 11. Plot of fluid inclusion salinity measurements vs. cal-
culated water 5'20 values. The range of salinity measurements for
each sample is shown by the vertical bar; the points represent the
averages. See text for discussion.

oxygen isotope values. The Newman Hill fluids
have higher salinities and higher fluid §'80 values
than the massive quartz vein fluids.

Each of the three paragenetic zones in the New-
man Hill veins plot in distinctive locations in Figure
11, although there is some overlap among the three
fields. Zone I fluids were intermediate between
zone II and I fluids. Zone I fluids have higher
salinities and higher §'20 values than zone I, and

zone II1 fluids have lower salinities and §'30 values -

than zone I fluids. The evolution of salinities, fluid
5'80 values, and vein temperatures for the Newman
Hill veins are summarized in Figure 12. This figure
shows that the mineralized zone II fluids in RI-011
had higher dissolved salts, higher §'0 values, and
formed at higher temperatures than either zone I or
I fuids. Zone II must have formed during an influx
of a hotter, more saline, more '*Q-shifted meteoric
water into the Rico vein system. This probably oc-
curred during the peak of thermal activity in the
hydrothermal system. : e :

InF i§ure 11 the quartz-molybdenite fluids plot at
high 8'®0 values with a wide range of salinities. The
Newman Hill fluids lie at an intermediate position

. between the quartz-molybdenite fluids and the di-

lute massive quartz vein fluids, but Figure 9 shows
that the Newman Hill fluids are not mixtures of
these end members. Quartz in the Newman Hill
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F1G. 12. Evolution of salinity, water 8'®0 values, and average
fluid inclusion homogenization temperatures for the three para-
genetic zones in sample RI-011 from Newman Hill. Figure 5
shows a graphic representation of the paragenetic zoning.

veins precipitated from an evolved, '80-shifted,
meteoric water that contained no detectable mag-
matic component. Figure 11 indicates that the sa-
linity of the meteoric fluid increased in correlation
with the magnitude of the 20 shift.

Evolution of the Hydrothermal Fluids

The 8D values of the inclusion fluids and 8'%0
values of water in equilibrium with quartz show that
an '80-shifted meteoric fluid was responsible for
vein formation on Newman Hill and in lower and
upper Silver Creek. A mixed magmatic, 120-shifted
meteoric fluid probably produced the quartz-mo-
lybdenite veinlet mineralization in the Silver Creek
molybdenum deposit. No evidence for mixing of
meteoric and magmatic fluids was found in the
epithermal veins. For example, two samples from
the Argentine vein, collected 1.5 km directly above
the porphyry mineralization from a vein which fills
a fault that extends into the center of the highest
known grade of molybdenum mineralization, yield
water compositions which show no indication of the
involvement of magmatic fluids in their formation
(Fig. 9). Sericite K-Ar ages show that the vein
formed contemporaneously with the molybdenum
deposit. No other isotope data from any of the epi-
thermal veins indicate the involvement of a magma-
tic fluid.

"The composition and temperature of the epither-

mal Newman Hill 80-shifted meteoric fluid did

vary as a function of time (Figs. 6-and 11). Zone II

fluids were hotter, more saline, and exhibit greater
180 shifts than either zone I or zone III fluids. Zone
II was probably precipitated during the peak of
thermal activity in the Rico hydrothermal system.
The zone II fluids probably have undergone a
greater degree of interaction with rocks prior to
‘entering the Newman Hill fractures than the zone I
and III fluids, because the zone II fluids show the
greatest 80 shifts. Magmatic fluids did not contrib-
ute to the Newman Hill or other epithermal fluids
(Fig. 9). The source of the components dissolved in
the zone II (and zones I and III) fluids is probably,
therefore, the country rocks through which the
fluids flowed prior to entering the veins. Figure 11
shows a positive correlation between salinity and
the magnitude of the '%0 shift for the epithermal
fluids. These data suggest that the quantity of dis-
solved components in the meteoric-hydrothermal
fluids is a function of the degree of interaction be-
tween that fluid and the country rocks prior to the
fluid entering the vein system.

The massive quartz veins in lower Silver Creek, in
the Argentine mine, and in the Union Carbonate
mine all exhibit minor 20 shifts relative to the
Newman Hill veins. The meteoric-hydrothermal
fluids that produced these veins also had relatively
low salinities, which would a priori be expected be-
cause these fluids interacted with the country rocks
to a lesser degree than the Newman Hill fluids.
However, the massive quartz veins are more wide-
spread than the Newman Hill veins and also occur
closer to the presumed heat source for the hydro-
thermal system (the porphyry deposit). Examina-
tion of Figure 1 shows that the Newman Hill veins
occur at a structurally high part of the Rico dome,
near the apex. Bedding dips away in three direc-
tions from the Newman Hill area. The Newman Hill
vein fluids had interacted with a large volume of
country rock and had probably circulated deeper
into the crust than the massive quartz vein fluids.
Upon rising convectively, the Newman Hill fluids
were channeled up dip and up structures to the
structurally higher parts of the dome, whereas less
deeply circulated fluids (massive quartz vein fluids)
were channeled along shallower .structures and
were more dispersed.

These relationships have been assembled into a
three-stage model for the evolution of the hydro-
thermal system at Rico:

1. A partially crystallized stock released a mag-
matic fluid that mixed with an evolved meteoric
fluid in approximately equal proportions and pro-
duced the porphyry stockwork mineralization. At
the same time, the country rocks were being heated
by conductive transport of heat out of the crystal-
lizing magma. Circulation of meteoric-hydrother-
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mal fluids due to convection probably had begun
and may have caused some precipitation of quartz
in fractures. Some of the massive quartz veins prob-
ably precipitated at this time. The magmatic fluid
was apparently diluted by the meteoric fluid to such
a degree that its presence cannot be detected in the
epithermal vein samples.

2. The scale of convective circulation continued
to increase after the release of the magmatic fluid.
The hottest meteoric-hydrothermal fluids produced
the zoned veins in Newman Hill during this stage.
These fluids exhibit the largest 80 shift of any of
the meteoric-hydrothermal fluids, indicating that
they reacted with a larger relative volume of coun-
try rock. These fluids also contain the highest con-
centration of dissolved components.

3. Retrograde cooling occurred after the peak of
hydrothermal circulation in the system. This last
stage ‘of hydrothermal activity produced the zone
IIT assemblage on Newman Hill and probably much
of the low-temperature massive vein quartz in
lower-and upper Silver Creek. Influx of meteoric-
hydrothermal fluids into the porphyry molybdenum
core probably occurred during both stages 2 and 3.

This model is identical in many respects to one
proposed by Sheppard et al. (1969, 1971), who
studied the stable isotope values of hydrous alter-
ation minerals associated with porphyry deposits in
western North America. Similar models were also
suggested for several small porphyry-molybdenum
prospects in the West Silverton district, 33 km
northeast of the Rico district, by Ringrose et al.
(1986). Hannah and Stein (1986) recently proposed
a general model for Climax-type porphyry deposits
in the Colorado mineral belt; the model includes an
early magmatic fluid that forms the typical stock-
work mineralization and a later meteoric influx into
the mineralized zone and is also identical to the one
originally suggested by Sheppard et al. (1969,
1971).

- Summary and Conclusions
The conclusions of this research are summarized
as follows: :

1. Two distinct fluid sources fed the Rico hy-
drothermal system. Oxygen and hydrogen isotope
ratios show that a mixed magmatic, 30-shifted me-

teoric fluid produced the porphyry molybdenum -

mineralization. A hydrothermal fluid derived from
local meteoric sources was responsible for vein for-
mation in Newman Hill, lower Silver Creek, and the
Argentine mine.

- 2. Extrapolating the '®*O-shifted trend of the me-
teo'ric—hyd_rothermal fluids to the meteoric water
line shows that meteoric water at the time of hy-
drothermal activity in the Rico district had a §D
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value of —115 per mil and a §'®0 value of —16 per
mil. Similar meteoric-hydrothermal fluids were re-
sponsible for vein formation in several other mid-
Tertiary or younger deposits in the San Juan Moun-
tains, including the Sunnyside mine (Casadevall and
Ohmoto, 1977) and the Mammoth-Revenue mine
(Brooks et al., 1986), and in the West Silverton dis-
trict (ngrose et al., 1986).

3. Three paragenetic zones have been recog-
nized in the Newman Hill veins. Zones I and I1I are
primarily barren quartz. Zone II contains quartz
with abundant rhodochrosite and base metal sulfide
minerals. Silver sulfide minerals are also found in
zone II and provided the economic proportion of
the veins. Salinities, §*80 values, and homogeniza-
tion temperatures for zones I and III were lower
than for zone II. Zone II fluids experienced the larg-
est 120 shift of any vein fluids and had a larger con-
centration of dissolved components than the zone I
and III fluids. The zone II fluids may also have
boiled prior to formation of the veins at their
present level of exposure. No evidence of a magma-
tic component was found in any of the epithermal
veins.

4. Massive barren quartz veins in lower Silver
Creek and in the Argentine and Union Carbonate
mines (upper Silver Creek) formed from meteoric-
hydrothermal fluids that had lower salinities, lower
homogenization temperatures, and smaller 120
shifts than the Newman Hill fluids. No evidence of a
magmatic component was found in any of the bar-
ren quartz veins, even though the Argentine vein
lies directly above the porphyry molybdenum min-
eralization and fills a fault that is a direct plumbing
channel to the porphyry mineralized area.

5. Fluid inclusion homogenization to both a lig-
uid and a vapor shows that boiling occurred at some
time in the history of the porphyry mineralization.
The temperature of boiling was in the range 350° to
420°C, indicating a pressure during quartz deposi-
tion of about 130 bars. The porphyry mineralization
occurred early in the history of the Rico system.
Numerous trains of lower temperature dilute sec-
ondary inclusions in the veinlet quartz suggest a
late-stage influx of meteoric-hydrothermal ﬁuxds
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